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Abstract 
 
Any optical microscopy technique that overcomes the diffraction limit of light (250 nm) is 
considered to be super-resolution. Super-resolution optical fluctuation imaging (SOFI) can 
resolve structures below 250 nm by correlating fluctuations from probes that repeatedly 
switch between a fluorescent and non-fluorescent state. SOFI exists as an open-source 
algorithm that can be applied to fluorescent images from any optical system without 
additional hardware. Previous publications demonstrated the resolving capability of SOFI on 
filamentous structures without addressing any specific biological question. Therefore, 
through interdisciplinary collaboration, this work aimed to use SOFI as a tool to investigate 
complex biological systems. Several different proteins including hypoxia inducible factor two 
alpha (HIF-2α), components of neutrophil extracellular traps (NETs), and extracellular matrix 
(ECM) proteins such as laminins were resolved with SOFI by labelling their structures with a 
suitable fluctuating probe. Quantum dots (Qdots) have advantageous photophysical 
properties for SOFI, but they cannot specifically label nuclear proteins, so alternative 
approaches were employed, including the use of reversibly switching fluorescent proteins 
(RSFPs). The localisation of HIF-2α into speckles and its interaction with other HIF-related 
proteins was investigated using SOFI. Potential co-localisation of laminin N-terminus alpha 
31 (LaNt α31) and laminin alpha 3 (LM α3), a subunit of laminin-332 (LM-332), was also more 
accurately probed using two-colour SOFI. Moreover, other super-resolution techniques were 
explored, including super-resolution radial fluctuations (SRRF), which enabled the fast-
moving protein HIF-2α to be super-resolved in live cells. To achieve optimal super-resolution 
images, acquisition and post-processing parameters were stringently tested, with the image 
quality and resolution determined using quantitative software, such as the ImageJ plugin 
NanoJ-Super-resolution quantitative image rating and reporting of error locations 
(SQUIRREL). As well as two-dimensional (2D) SOFI, the reconstruction of three-dimensional 
(3D) SOFI images was also explored, to obtain additional z information about the protein of 
interest. Overall, using total internal reflection fluorescence (TIRF), light-sheet, and 
epifluorescence microscopy, a resolution enhancement for different proteins was achieved 
with SOFI by exploiting the random blinking of Qdots and using the RSFP Skylan-S. Through 
out-of-focus light removal and enhanced signal-to-noise ratio (SNR), additional structural 
information was obtained about several proteins, which could help to better understand 
their involvement in biological mechanisms related to pathological disease, which 
subsequently could lead to the development of new therapeutic targets in the future.  
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Chapter 1: Introduction 
1.1 Basics of microscopy 
1.1.1 Brief history of microscopy 
 
Fluorescence microscopy is crucial for visualising structural information of cells, which aids 
understanding of underlying biological processes. Although brightfield microscopy and 
differential interference contrast (DIC) are able to obtain limited structural information of 
unstained cells, most commonly individual structures are probed in fixed cells with 
fluorescent dyes conjugated to antibodies or in living cells with genetically-encoded 
fluorescent proteins. These probes emit different wavelengths of light, which enable 
structures to be differentiated through pseudo-colour. A microscope magnifies objects that 
are undetectable by the naked eye. Using a magnifying lens a convolved image is formed, 
which appears as a blurred reconstruction of the original object due to the diffraction of light. 
This lens-based approach is referred to as far-field microscopy. The use of glass lenses to 
bend light, which ultimately led to the invention of the microscope, dates back to 1595 when 
Zacharias Janssen and his father Hans Janssen altered the distance between two lenses inside 
a tube. However, the first visualisation of organisms with a light microscope was by Dutch 
draper Antony van Leeuwenhoek and English physicist Robert Hooke in 1665 (1, 2). It was 
through detailed illustrations in Robert Hooke’s published book, Micrographia, that other 
scientists became aware of microscopy. In the 1850s a German instrument manufacturer, 
Carl Zeiss, employed Otto Schott to make high quality glass optical lenses, which improved 
the performance of the microscope and formed the basis of modern microscopes as they are 
known today. Later in 1911, the first fluorescence microscope was developed.  
 
1.1.2 Principle of fluorescence 
 
When a fluorescent molecule is illuminated with a light source, electrons absorb energy of a 
specific wavelength, become excited, and move to a higher energy level. Fluorescence occurs 
when electrons later lose energy, fall to a lower energy level or ground state, and emit a 
photon (Figure 1). Some vibrational energy is also dissipated as heat in a process known as 
internal conversion. Electrons may also transition from the lowest energy level to a triplet 
state via intersystem crossing, where phosphorescence occurs if electrons later return to the 
 2 
 
ground state. The time taken for electrons to return to the ground state is referred to as 
fluorescence lifetime, whilst the difference between absorption and emission wavelength of 
a fluorescent molecule is known as Stokes shift (3).  
 
 
Figure 1. Jablonski diagram depicting the process of fluorescence. Electrons absorb light energy of a 
specific wavelength and become excited, moving to higher energy levels (S1-S3).  When electrons lose 
energy, they fall to a lower energy level or ground state (S0) and emit a photon (fluorescence). 
Electrons can also transition from the triplet state (T1) to S0, resulting in phosphorescence.  
 
1.1.3 Definition of resolution 
 
Resolution is defined as the ability to distinguish two objects that are in close proximity. The 
attainable resolution of a wide-field microscope is restricted by the diffraction of light to 250 
nm laterally (half the λ of light) and 500 nm axially (4). Ernst Abbe derived a formula in 1873 
to describe resolution (5), d = λ/2nSinθ (Figure 2), which states that resolution (d) is 
dependent on the emission wavelength of the dye (λ) and the numerical aperture (NA) of 
the objective lens, since d = λ/2NA. NA is equal to nSinθ, where n is the sample medium 
refractive index and θ is the maximum angle of light the objective can collect. 
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Figure 2. Ernst Abbe memorial containing the formula of resolution. Friedrich Schiller University of 
Jena in Germany placed a stone to commemorate Ernst Abbe who determined that resolution (d) is 
equal to the wavelength of light (λ) divided by 2nSinθ, where n is the refractive index of the medium 
between the objective lens and the object of interest. 
 
Ernst Abbe was the first to propose the resolution limit of an optical system using the 
wavelength of light and the NA of the objective lens (λ/2NA), to define the smallest object 
that can be resolved by the system. Rayleigh later published a resolution criterion that not 
only takes into consideration the wavelength of light and the NA of the objective lens 
(0.61λ/NA), but also the Airy disk (diffraction of light into concentric rings of decreasing 
fluorescence intensity from the centre). According to Rayleigh, two objects are considered 
to be resolved if the centre of their Airy disks do not overlap and is defined as being the 
minimum angular distance between the centre of one diffraction pattern and the centre of 
an adjacent diffraction pattern. In this way, two point emitters can only be identified as 
individual objects if they are at a minimum distance of 250 nm apart; this concept is known 
as the Rayleigh criterion (6) (Figure 3). When there is an improvement in resolution, features 
in an image can be more distinguished. According to the Rayleigh criterion, the spatial 
resolution of a microscope is 0.61λ/NA, which is the Airy disk diameter. The shape of the 
point spread function (PSF) is defined as an Airy disk, whereby any point emitter will appear 
as a blurred spot, with a bright centre surrounded by lower intensity rings when imaged on 
a microscope. The PSF can be fitted with a Gaussian function to determine the resolving 
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capability of an optical setup. Typically, the full-width at half-maximum (FWHM) of the PSF 
can be calculated as a measure of spatial resolution (FWHM ≈ 0.353λ/NA or 2√2𝑙𝑛2 ∗ 𝜎  or 
2.35482*σ, where σ is the standard deviation) (7). The narrower the FWHM, the better the 
resolution of a microscope.  
 
Figure 3. Schematic of the Rayleigh criterion. Intensity curves for the radial distribution of diffracted 
light for different separations with circles depicting fluorescent molecules. When two fluorescent 
molecules are separated by a distance greater than 250 nm apart, they are fully resolved with two 
intensity peaks (A). Exactly 250 nm apart, the fluorescent molecules can still be distinguished as 
separate molecules, known as the Rayleigh criterion (B); whilst the fluorescent molecules will be 
unresolved if they are less than 250 nm apart and will display as only one peak (C). 
 
1.1.4 Sampling  
 
An object is convolved with the PSF of the optical system and its analog signal is converted 
into a digital signal, which is represented as a reconstructed digital image consisting of pixels 
with intensity values. Spatial resolution of a digital image is affected by the sampling interval, 
which is the number of pixels per unit distance in the image (pixel size). To achieve optimum 
spatial resolution and accurately reconstruct a digital image of an object, Nyquist sampling 
must be adhered to. Increasing the magnification of the objective lens does not affect the 
attainable resolution, but it does make the pixel size smaller. Similarly, increasing the number 
of pixels of an image does not necessarily improve the resolution of a microscope, but 
satisfying the Shannon-Nyquist sampling theorem during acquisition ensures that the 
optimal image resolution (axial resolution in the z-direction and lateral resolution in the xy 
direction) is obtained (8, 9). Over-sampling (small pixel size) occurs when the sampling 
interval is smaller than required, so more information is recorded than necessary, which does 
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not give any additional information, and therefore does not further improve image 
resolution. Since the signal in an over-sampled image may be reduced, longer exposure times 
are needed to compensate for this loss in signal, which in turn may photobleach the sample 
(10). In contrast, under-sampling is when the sampling interval is too large to capture all of 
the information correctly, causing spatial aliasing artefacts, and, therefore, does not 
represent the object, because structures cannot be discerned. If the pixel size is too large, 
the PSF will be concentrated within too few pixels (under-sampled) and there will be 
insufficient spatial resolution, as information will be lost. Nyquist sampling is the maximum 
sampling interval in which the main information is captured to accurately represent the 
structure being imaged; it is dependent on the resolving power of the optical setup and the 
pixel size of the detector. 
Nyquist sampling for an objective is calculated based on the resolving power of the optical 
system (NA) and not the magnification used (λ/NA), whereas for an object the sampling 
interval (pixel size of the image) is dependent on the magnification (physical size of one pixel 
on the detector divided by the total magnification of the optical system). To determine the 
correct sampling interval to use, the ratio of resolution of the optical system and pixel size 
of the image is calculated. According to Ernst Abbe, to satisfy Nyquist, the sampling interval 
(pixel size in the image) must be at least two-times smaller than the smallest object in the 
image that can be resolved by the detector (λ/2NA) (11, 12). Therefore, when using a camera 
based microscope, the resolution (λ/2NA) using a 100x objective with an NA of 1.4 and a red 
dye with an emission wavelength of 625 nm would be approximately 223 nm (size of the 
smallest resolvable object). The pixel size of the image should be two-times smaller than 223 
nm, so the image should be sampled every 111.5 nm. If the physical size of one pixel on the 
charged-coupled device (CCD) camera is 16 µm, then the pixel size of the image would be 
160 nm (<111.5 nm). With these parameters, the image would be under-sampled and 
Nyquist sampling not satisfied, because a ratio of 
Calculated resolution (nm)
Calculated pixel size (nm)
  would not be at 
least half the size of the smallest resolvable structure in the image (>2) (Table 1).  
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Magnification 
 
Magnifying 
lens 
 
λ 
(nm) 
 
NA 
Physical 
pixel 
size 
(µm) 
Calculated 
resolution 
(nm) 
Calculated 
pixel size 
(nm) 
Satisfy 
Nyquist 
Sampling? 
63x 1 625 1.4 16 223 254 Under-
sampled 
(0.9 < 2) 
100x 1 625 1.4 16 223 160 Under-
sampled 
(1.4 < 2) 
63x 1.6 625 1.4 16 223 159 Under-
sampled 
(1.4 < 2) 
100x  1.6 625 1.4 16 223 100 Nyquist-
sampled 
(2.2 > 2) 
63x 2.5 625 1.4 16 223 102 Nyquist-
sampled 
(2.2 > 2) 
100x 2.5 625 1.4 16 223 64 Over-
sampled 
(3.5 > 2) 
 
Table 1: Conditions to meet Nyquist sampling with a camera based microscope. Theoretical 
calculations to determine whether the Nyquist sampling criterion will be met are dependent on the 
resolution of the microscope and the pixel size. For Nyquist sampling to be satisfied, the sampling 
interval should be less than two-times smaller than the smallest resolvable structure. A ratio of 
calculated resolution/calculated pixel size gives the factor by which the sampling would be smaller 
than the smallest resolvable structure.  
 
1.1.5 Imaging in three-dimensions 
 
Although satisfying Nyquist sampling ensures that the best attainable image resolution is 
achieved for 2D images, the axial resolution is still poor in comparison to lateral resolution. 
Whilst 2D imaging is commonly used amongst biologists, with traditional in vitro methods 
involving cell monolayers grown on glass coverslips, this only partially represents the true 
structure of 3D samples, which can make any interpretation of dynamic information 
misleading (13). For this reason, the use of 3D imaging has increased over the last decade, 
through the use of optical sectioning, to better understand biological processes. To improve 
z-resolution and provide additional depth information, optical sectioning can be done using 
a confocal laser scanning microscope (CLSM), which was first commercially developed in 
1982 by Colin Sheppard (14). With wide-field microscopy the entire sample is illuminated, 
whilst with CLSM the sample is scanned with a laser line-by-line. Light is focused through a 
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pinhole and photons are wasted, which at first seems illogical, but it is this removal of out-
of-focus light that improves the SNR of images compared to wide-field microscopy. Despite 
this, CLSM is not suited to imaging deep tissues, so instead multiphoton can be used (15). 
Although challenging, imaging in 3D (x, y, and z), giving voxels (volume pixels), has also been 
achieved with astigmatism (16) and with the use of phase ramp imaging localization 
microscopy (PRILM) (17). Astigmatism employs a cylindrical-shaped lens in the optical path, 
which causes there to be two focal planes for x and y. As the fluorophore changes its z-
position, the image orientation is also changed (16). Instead, PRILM splits the PSF of the 
fluorophore into two equal lobes; where the angle of the lobes depends on their z-position 
(17). Although similar to the double-helix PSF approach, with PRILM these two lobes do not 
move circularly, but instead have a linear motion (17). The use of PRILM, however, does 
cause the signal to be dimmer, since it splits the fluorescent emitter equally into two lobes. 
PSF engineering has more recently been used to spectrally separate multiple emitters and 
simultaneously acquire a dual-colour super-resolution image. To obtain a complex 
multicolour super-resolution image, the channels must either be acquired sequentially or a 
set up with more than one camera must be used and filters employed to image different 
spectral colour emissions. However, colour has been encoded into the PSF through the use 
of optical phase masks with different PSFs for specific wavelengths of light. To achieve a dual-
colour super-resolution image simultaneously, the PSF can be vertically elongated for the red 
emitter and horizontally elongated for the green emitter. In this way, colour can be assigned 
according to the direction of elongation. Although a complex design is required, up to 5 
different colours have been encoded thus far (18).  
 
1.1.6 Deconvolution 
 
To further improve the quality of images in all three directions, deconvolution was 
introduced to the microscopy community in 1983 (19). Deconvolution is a post-processing 
imaging technique based on the PSF, which can re-assign out-of-focus light to restore the 
degraded signal so that the image better resembles the original object with greater contrast 
and SNR (20). There are many such algorithms available, including the most widely used Lucy-
Richardson deconvolution (21, 22), which is iterative so may be repeated until an improved 
version of the image is estimated. Commercial deconvolution such as Huygens and open-
 8 
 
source deconvolution, such as the ImageJ plugin DeconvolutionLab2 has also been 
developed by the Biomedical Imaging Group at École Polytechnique Fédérale de Lausanne. 
 
1.1.7 Super-resolution imaging  
 
Despite the addition of deconvolution to sharpen conventional images, the attainable 
resolution is still not much better than the diffraction limit of light, however, most of the 
interesting biology occurs below the diffraction limit of light. Many advanced microscopy 
techniques have, therefore, been developed to overcome this diffraction limiting barrier and 
resolve beyond 250 nm; this field is referred to as super-resolution microscopy. The 2014 
Nobel Prize in Chemistry was jointly awarded to three scientists: Eric Betzig, William E. 
Moerner, and Stefan Hell, for their contributions to the development of super-resolution 
microscopy. A hallmark of a super-resolution technique is when structural details are 
discerned that would otherwise not be possible with conventional diffraction-limited 
microscopy; e.g., the ability to study the organisation of focal adhesion proteins at the 
nanoscale (23). Each super-resolution microscopy technique has pros and cons associated 
with its use, with either the spatial or temporal resolution being compromised. The most 
expensive aspect of super-resolution microscopy is the equipment required to acquire the 
images, which varies from technique to technique. One such expense is the use of a camera, 
such as an electron-multiplying charged-coupled device (EMCCD). However, super-
resolution imaging has successfully been performed on a mobile phone (24) and an industry-
grade complementary metal oxide semiconductor (CMOS) camera, which are much more 
affordable options (25), compared to scientific-grade CMOS (sCMOS). As well as having a 
larger number of pixels, the pixel size on sCMOS camera chips are also smaller than that of 
EMCCD cameras, which enables higher spatial resolution. In addition, sCMOS cameras have 
a readout speed that is much faster than EMCCD cameras, so are ideal for imaging live cells 
(26). Although, sCMOS cameras are susceptible to pattern artefacts and perform poorly with 
dim fluorophores, they have a large field-of-view (FOV) allowing organisms to be imaged. 
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1.2 Microscopy techniques 
 
Over the past 25 years, several microscopy techniques have been developed to further 
understand biological structures, including those that overcome the diffraction limit of light, 
to provide information that would otherwise be lost with standard wide-field microscopy. 
Numerous acronyms exist for the many super-resolution techniques currently available, but 
most require sophisticated hardware, except for SOFI, SRRF, and single-molecule localization 
microscopy (SMLM) methods. The resolution attainment of some of the most prominent 
super-resolution techniques, including stimulated emission depletion (STED), structured 
illumination microscopy (SIM), stochastic optical reconstruction microscopy 
(STORM)/photoactivated localization microscopy (PALM), is highlighted below (Figure 4).  
 
Figure 4. Super-resolution microscopy timeline. Development of select super-resolution 
microscopy techniques over the past 25 years from inception to the present day. 
 
1.2.1 Light-sheet fluorescence microscopy 
 
Most super-resolution techniques have high spatial resolution, but require high laser power 
for acquisition. However, light-sheet fluorescence microscopy (LSFM), otherwise known as 
selective plane illumination microscopy (SPIM), can image large specimens at a relatively 
high-resolution, comparable to CLSM, but with low excitation power (27). Unlike wide-field 
and CLSM, LSFM excites a sample in the focal plane from one side, with a thin sheet of 
illumination perpendicular to the detection objective (Figure 5). To remove out-of-focus light 
and improve the SNR of an image, Gaussian Bessel beams can be shaped into sheets of light 
using cylindrical lenses (28). LSFM also minimises photobleaching, because only a thin (1-10 
μm) sheet of light illuminates the sample at any one time, so LSFM offers a gentler approach 
to optical sectioning than CLSM. LSFM is most suited to imaging whole living organisms such 
as developing embryos or drosophila, which would otherwise be imaged on a CLSM as fixed 
physical sections that are stitched together to reconstruct the whole organism. Instead, 
LSFM can offer deep penetration and thin optical sectioning of live cleared samples, which 
can capture dynamic processes at a fast acquisition. Images can also be taken at different 
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angles, to create a 3D multi-view reconstruction. Conventional LSFM has been improved 
through the use of digital scanned laser LSFM (DSLM) (29), multiple non-diffracting Bessel 
beams (30), and a lattice light-sheet (31), by creating a narrower sheet of light. The optical 
sectioning capability of LSFM has also been complemented with super-resolution techniques 
to further improve the SNR and spatio-temporal resolution (32).  
 
Figure 5. Concept of conventional LSFM. A thin sheet of light is used to excite a sample in the focal 
plane that is perpendicular to the detection objective and an image obtained on a camera. Schematic 
diagram was adapted from (28).  
 
1.2.2. Total internal reflection fluorescence  
 
Another way to remove out-of-focus light, to improve image contrast, is to use TIRF 
microscopy (33), but this technique only illuminates the surface of cells near the plasma 
membrane adjacent to the coverslip, and is thus suitable for imaging membrane-bound 
organelles, the ECM, and focal adhesion proteins. Only adherent cells can be imaged with 
TIRF and it is not suitable for thick samples. However, since only a thin section of a cell is 
excited, TIRF yields less phototoxic effects than epifluorescence illumination. If the incidence 
angle (θi) of the excited light is greater than the critical angle (θc), when the angle of 
refraction (θr) is 90 °, then the excited light undergoes TIRF. According to Snell’s law: n1 sinθi 
 11 
 
= n2 sinθr (n1 and n2 is the refractive index of the coverslip and sample, respectively), TIRF 
only takes place if n1 is greater than n2. Most of the incident light is reflected, but in the case 
of TIRF some energy from the incident light reaches the sample, not as a propagating wave, 
but an evanescent wave (opposite of epifluorescence) (Figure 6). In contrast to 
epifluorescence, where all of the fluorescent molecules are excited with light, only those that 
are within the evanescent wave, approximately 100 nm away from the coverslip, will be 
excited (34). Akin to TIRF, another microscopy technique called highly inclined and laminated 
optical sheet (HILO) has been developed to achieve higher SNR images, by using an inclined 
illumination beam (35). The incident beam of light is highly inclined and refracted by a large 
angle to form a thin sheet of light, which excites fluorescent molecules at the coverslip-
sample surface (35). TIRF only allows single-molecule imaging, at the cell surface, whereas 
HILO can perform single-molecule imaging inside of cells.  
 
 
Figure 6. Principle of epifluorescence versus TIRF illumination. In epifluorescence microscopy, the 
excited light propagates to the entire sample, because it passes directly through the coverslip (A). TIRF 
only excites fluorescent molecules that are approximately 100 nm away from the coverslip, because 
the incident angle (θi) is greater than the critical angle (θc). Whilst most of the excited light is reflected 
off the coverslip, some is refracted and goes to the sample, creating an evanescent wave (B). 
 
 
1.2.3 Electron microscopy  
 
Much higher resolution can be achieved with electron microscopy (EM) than any other 
microscopy technique, including TIRF and those that are considered to be super-resolution 
(36). However, dynamics of biological structures cannot be studied with EM, as samples need 
to be fixed, dehydrated, and imaged in a vacuum; which can often lead to unwanted 
artefacts. Unlike super-resolution microscopy, EM cannot distinguish specific proteins, since 
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two-colour EM does not exist. Instead, EM relies on contrast, using metallic nanoparticles, 
to highlight structures. However, EM has been combined with fluorescence microscopy, to 
image specific proteins and surrounding structures, in a process called correlative light and 
electron microscopy (CLEM) (4). EM is fundamentally different from conventional light 
microscopy, which illuminates a sample with a light source, whereas EM uses magnets to 
focus a beam of electrons at thin sections (37). This short wavelength of electrons yields high-
resolution images compared to conventional wide-field microscopy. There are two types of 
EM, scanning electron microscopy (SEM) (38) and transmission electron microscopy (TEM) 
(39). TEM uses a concentrated beam of electrons (transmitted), whereas in SEM an electron 
beam is scanned across the sample (scattered). Of the two types, TEM gives a higher 
resolution than SEM and is routinely used to characterise probes, such as high contrast 
nanoparticles, for use in biological imaging.  
 
1.2.4 Atomic force microscopy  
 
Another high-resolution imaging technique, atomic force microscopy (AFM) (40), has been 
used to investigate biological structures of the nanoscale. There are three AFM imaging 
modes: contact, non-contact, and tapping. In contact mode, a sharp silicon-coated tip, 
attached to a cantilever, is raster-scanned across the surface of a sample using a piezo-
scanner.  During cantilever movement, small nanonewton forces between the micron-sized 
tip and cell surface, according to Hooke’s law, are detected and a laser is reflected off the 
top of the cantilever. The relative intensity of the deflected laser is subsequently measured 
using a photodetector (Figure 7). From this measurement, a topographical map of the cell 
surface can be formed (41). Contact mode is not suited to live biological samples, because 
the tip can damage cells, so a non-contact mode has been developed, where the tip is not 
touching the sample, but the cantilever oscillates above the surface near its resonant 
frequency (42). The third mode, tapping is a combination of contact and non-contact mode, 
where the cantilever oscillates, but only occasionally touches the surface (43). An advantage 
of AFM compared to EM, is that the sample preparation is simple as it does not require the 
use of a vacuum, labelling with dye, or freezing of the specimen (44). Since AFM can only 
obtain structural information about the surface of cells, it can be combined with super-
resolution techniques, to enable the multiplex labelling capability of fluorescence 
microscopy to more specifically determine the precise localisation of different proteins (45-
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47). Apart from red diode lasers, long wavelength infrared (IR) lasers are preferred for AFM, 
because they prevent photodestruction of fluorescently labelled biological samples (48).  
 
 
Figure 7. Principle of contact mode AFM. A micron-sized silicon tip is attached to a cantilever and 
moved across a sample surface using a piezo-scanner. During cantilever movement, the laser beam is 
deflected onto a photodetector and relative intensity of the reflected laser beam is detected.  
 
1.2.5 Structured illumination microscopy  
 
Although AFM provides high-resolution images of cell surfaces, it cannot image proteins 
inside cells, which is why fluorescent super-resolution techniques, such as SIM (49) are used 
instead. Linear SIM can surpass the resolution limit of light by a factor of two when using 
conventional fluorophores (50). SIM exploits pattern illumination, through the use of a 
diffraction grating with a known grid pattern, which is overlaid on an unknown biological 
structure to form low frequency interference patterns, otherwise referred to as a Moiré 
fringes (Figure 8). Multiple images are taken by rotating the diffraction grating at different 
angles, to create new interference patterns that can be post-processed with a Fourier 
transform (spatial domain is converted to the frequency domain as a set of sine and cosine 
waves) to produce a high-resolution SIM image (51). Instead of illuminating the sample with 
uniform light, a pattern of sinusoidal light in the form of a grating of grid lines is used in linear 
SIM. Interference patterns created are of lower frequency than the pattern of the biological 
structure, so post-processing is done to extract high resolution information and reconstruct 
a SIM image. With linear SIM, the spatial frequency obtained is restricted by the diffraction 
limit of the objective lens and the resolution is improved by a factor of two (100 nm in xy and 
250-350 nm in z) (50). However, an interference pattern can be created with higher 
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frequencies by exploiting non-linear processes of fluorescent dyes, to get much higher 
resolution (theoretically unlimited), through saturation of fluorescent dyes to produce 
pattern harmonics in a method called non-linear SIM (52). Most of the fluorescence in non-
linear SIM is saturated due to intense illumination and resolution is only limited by 
photobleaching of dye molecules. An alternative approach to saturated non-linear SIM is to 
use photoswitchable proteins, which requires less illumination (53).  
Despite the improved resolution of non-linear SIM, the rotation of a physical grating and 
acquisition of multiple images means that it is not ideal for live cell imaging. Spot-scanning 
SIM or instant SIM (iSIM) allows faster imaging by removing the need to acquire many images 
at different angles and subsequently combining these images so that a SIM image can be 
produced in real-time (54). Using iSIM, motion blur, which typically occurs when acquiring 
living samples, is minimised. Using optical hardware such as a microlens array, processing is 
done optically rather than computationally with iSIM. After deconvolution, a two-fold 
improvement in resolution is attainable in x, y, and z with iSIM, which is comparable to linear 
SIM. As well as combining SIM with other microscopy techniques, including LSFM (55) and 
TIRF (56), to offer better optical sectioning, a SIM image has also been achieved in 3D and in 
multi-colour (57). Although, SIM can be performed with any fluorescent probe, including 
photoswitchable proteins (53), it is not immune to motion artefacts with fast-moving 
proteins, so exposure times must be reduced (58). The quality of SIM images can be assessed 
using the open-source ImageJ plugin SIMcheck (59).  
 
 
Figure 8. Principle of SIM. Unknown pattern of a biological structure (A) is imaged through a 
diffraction grating that creates illumination of a known pattern (B). The diffraction grating rotates 
multiple times, to produce images of high spatial frequency that contain Moiré fringes at different 
orientations (C). These interference patterns are Fourier transformed to yield a SIM image with a 
factor 2 improvement in spatial resolution compared to conventional wide-field microscopy.  
 
 
 15 
 
1.2.6 Single molecule localization microscopy  
 
Despite SIM surpassing the diffraction limit of light by a factor of two, SMLM techniques such 
as STORM (60) and PALM (61) are capable of much higher resolution. Compared to 
conventional wide-field microscopy (250 nm resolution laterally and 500 nm axially), SMLM 
can achieve 20 nm in xy and 50 nm in z (16). The type of microscope and the choice of 
fluorescent probe differentiates STORM from PALM. STORM typically uses conventional 
photoswitchable dyes such as Alexa Fluor 647 with the addition of an oxygen scavenger 
system containing glucose oxidase and a thiol such as mercaptoethylamine, whereas PALM 
uses photoswitchable proteins such as Dronpa. STORM was first demonstrated by Rust in 
2006 using Cy3-Cy5 pairs as the optical switch to activate a subset of fluorophores (60). 
Heilemann later introduced a variant of STORM in 2008 called direct STORM (dSTORM), 
which uses conventional photoswitchable fluorescent probes that are able to be reversibly 
switched between a fluorescent and a non-fluorescent state using different wavelengths of 
light, without requiring an activator fluorophore (62).  
SMLM uses particle detection to achieve high resolution. Although a fluorophore is only 
nanometres in size, its image appears larger with an approximate Gaussian intensity profile. 
The position of the fluorophore can be determined with nanometre precision by fitting its 
PSF. When multiple fluorophores are positioned close together such that they are separated 
by a distance less than the PSF width of the optical system, they overlap, and this prevents 
their accurate localisation. A solution is to use optically switchable fluorophores: molecules 
that can be switched from a non-fluorescent to fluorescent state by exposure to high 
intensity illumination. The fluorescence emission can be controlled so that only a sparse 
subset of fluorophores are activated  to ensure that individual fluorescent molecules are not 
overlapping, allowing each to be localised with high precision. When fluorophores are 
deactivated, a new subset of fluorophores can then be activated and imaged. The process is 
repeated over thousands of frames until nearly all of the fluorescent molecules have been 
imaged. The positons of all of the imaged fluorescent molecules are detected, their centres 
located, and fitted with a Gaussian function using a measured PSF to reconstruct a super-
resolution image (Figure 9). A disadvantage of using SMLM is that is requires a large number 
of frames (for example 30,000) and stationary fluorophores, which is not applicable for live 
cell imaging, to capture dynamics. However, two-colour SMLM has been used to capture 
slow moving proteins, such as focal adhesions (23, 63).  
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Figure 9. Principle of SMLM. A structure of interest is labelled with a fluorescent probe and single 
molecules are switched on in subsets, at different time points (A). A conventional image is formed (B). 
Individual molecules are localised (C), and a super-resolution image reconstructed (D).  
 
1.2.7 Stimulated emission depletion 
 
Analogous to SMLM, STED microscopy can also achieve high-resolution, but without the 
need for photoswitching fluorophores. STED was first introduced by Stefan Hell in 1994 and 
improves the resolution of CLSM to less than 50 nm in xy (64). STED involves the use of two 
overlapping laser beams. One laser beam excites the fluorescent molecules and a second 
doughnut-shaped laser beam is used to deplete the fluorescence, by returning electrons back 
to the ground state, except the centre of the doughnut-shape (Figure 10). In this way, the 
PSF is engineered to be reduced. The doughnut-shaped laser beam can be created by passing 
the laser through a phase mask (glass of varying thickness). The excitation and co-aligned 
doughnut-shaped laser beam are scanned across the sample, so that only a subset of 
fluorescent molecules are capable of emitting a signal (65). After a STED image is obtained, 
no post-processing is required, but Huygens deconvolution can be applied. Theoretically, any 
synthetic organic dye (66) or fluorescent protein (67) can be used for STED, but in practice, 
those that are bright and less susceptible to photobleaching, such as ATTO647N, are 
preferred. A commercially available STED system is provided by Leica and Abberior 
Instruments GmbH, which makes STED more accessible to biologists than SMLM methods 
that require knowledge of photoswitchable fluorophores. However, STED is expensive 
compared to freely available super-resolution algorithms such as SOFI and SRRF. 
Conventional fluorescent beads or commercially available deoxyribonucleic acid (DNA) 
nanorulers from GATTAquant can be used to calibrate a STED instrument (68). STED has been 
combined with other techniques including fluorescence correlation spectroscopy (FCS) (69) 
and dual-colour 3D STED has been successfully achieved (70). However, due to the high 
intensity lasers used, live cell imaging with STED is difficult, due to the phototoxic effects. 
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Figure 10. Concept of STED. A molecule is excited with a short laser (A) and a longer STED doughnut-
shaped beam (B) depletes fluorescence, except the centre of the doughnut-shape (C). This depleted 
fluorescence, yields a smaller effective PSF (D). 
 
1.2.8 Airyscan 
 
An additional high-resolution CLSM technique Airyscan is commercially available from Carl 
Zeiss Microscopy GmbH. In CLSM the sample is illuminated with a scanned focused laser 
beam. The emitted fluorescence is sent to a detector through a pinhole, which rejects out-
of-focus light. Making the pinhole smaller increases resolution, but decreases SNR. Airyscan 
improves both the SNR and resolution of images by re-distributing light that would otherwise 
be rejected by the confocal pinhole, through the previously documented pixel re-assignment 
method (71). In CLSM there is one pinhole, whereas an Airyscan detector consists of 32 
Gallium Arsenide Phosphide (GaAsP) detector elements arranged in a hexagonal array. With 
Airyscan (1.25AU) a bigger area is scanned than confocal (1AU), because each hexagonal 
detector element is considered as an individual pinhole (0.2 AU). All of the emission light is 
collected with Airyscan, because the confocal pinhole remains open, so additional spatial 
information is obtained. The central detector element has the highest fluorescence intensity 
and smallest PSF, so signals from offset detector elements are re-assigned to this position 
and summed to a yield a final Airyscan image with a smaller PSF and higher SNR (Figure 11). 
In this way, lateral resolution of 140 nm and axial resolution of 400 nm is possible (72). Unlike 
SMLM, Airyscan can image structures in live cells, without the need for photoswitchable 
fluorophores and with less illumination than STED (73).  
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Figure 11. Airyscan honeycomb-shaped detector. The 32 GaAsP elements that make up the 
honeycomb-shaped detector. For a high-resolution Airyscan image, the pinhole can be set to 1.25 Airy 
units (AU), where each detector is 0.2 AU.  
 
1.2.9 Post-processing super-resolution techniques 
1.2.9.1 Super-resolution radial fluctuations  
1.2.9.1.1 Principle of SRRF 
 
Aside from super-resolution implementations that require sophisticated hardware, Ricardo 
Henriques’ group at University College London, UK, recently developed SRRF, pronounced 
surf, which is an open-source ImageJ plugin called NanoJ-SRRF (74). SRRF is based on the 
already theoretically documented radial fluctuations concept (75) and involves analysing the 
degree of local intensity gradient convergence in a series of wide-field images to generate a 
super-resolution reconstruction. Resolution in the order of 60-150 nm is possible with SRRF, 
with as little as 100 frames, and multi-colour achieved through sequential acquisition of 
different channels. Although SMLM has achieved resolutions beyond 60 nm, it is limited to 
fixed cells. SRRF has been demonstrated in live cells and can be used with a wide-range of 
microscopes, including confocal (76) and TIRF (77). SRRF can also be performed with 
conventional dyes, without the need for blinking. The minimal illumination required for SRRF 
also means that it is less phototoxic to cells than SMLM and STED. As well as low power 
illumination, SRRF has a fast acquisition time (1 s) and reduces non-linear response to 
brightness. To compensate for SRRF being computationally demanding, a graphics 
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processing unit (GPU) with 240 cores can be used in replace of a central processing unit (CPU) 
with 4 core processors, for example. SRRF-Stream is commercially available by the company 
Andor Technology, which allows a real-time SRRF image to be formed. Although, SRRF 
improves resolution in xy (60-150 nm), it is limited in z to 600 nm, so 3D SRRF is not possible.  
During SRRF-processing, pixels (picture elements) are magnified into sub-pixels. For every 
sub-pixel, a non-binary value (a value that is neither 0 nor 1), termed radiality, is assigned 
based on the probability of a fluorescent molecule being present within that sub-pixel. For 
every sub-pixel in the image, radiality is measured according to how the intensity of a sub-
pixel containing a fluorescent molecule converges towards a central sub-pixel within a 
symmetrical circular radius of known size (Figure 12). Those sub-pixels closest to the centre 
of a fluorescent molecule will be assigned a high radiality value, because the convergence of 
fluorescent intensity will be high, whereas those sub-pixels further away from a fluorescent 
molecule will be given a low radiality value (78). In this way, a new stack of radiality images 
are formed, containing sub-pixels with non-binary values. Temporal correlation analysis of 
fluctuations in the radiality stack can then be performed, to yield a SRRF image.  
 
 
Figure 12. Principle of SRRF. Pixels (solid lines) are divided into sub-pixels (dashed lines).  Radiality is 
calculated for each sub-pixel to determine if a fluorescent molecule is present. Sub-pixels closest to a 
fluorescent molecule (red square) will be assigned a high radiality value, whilst sub-pixels further away 
from a sub-pixel, containing a fluorescent molecule, will be assigned a low radiality value.  
 
1.2.9.1.2 Assessing the resolution and quality of SRRF images 
 
As with all post-processing super-resolution techniques, SRRF is prone to artefacts. As a SRRF 
image is a super-resolution map and not a diffraction-limited image, the reconstructed 
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information may not be accurate. Therefore, Ricardo Henriques’ research group 
implemented an open-source NanoJ- SQUIRREL ImageJ plugin to quantitatively assess the 
quality and resolution of super-resolution images (79). Using the NanoJ-SQUIRREL algorithm, 
a SRRF image is convolved with the PSF of the microscope to generate a new diffraction-
limited image, which can be compared against the original diffraction-limited image. If the 
convolved SRRF image has a high similarity to the original diffraction-limited image, this 
indicates that the SRRF image contains few artefacts and is of high quality. The NanoJ-
SQUIRREL algorithm produces a resolution-scaled error (RSE) map as a way to quantitatively 
compare the convolved SRRF against the original diffraction-limited image and shows areas 
where the two differ (Figure 13). Using a look-up-table (LUT), regions on the map where 
there are low errors are highlighted purple, whilst high errors are blue-yellow. Although 
useful for identifying artefacts in images, RSE values are not normalised, so RSE maps cannot 
be compared across different super-resolution images. Resolution-scaled Pearson (RSP) and 
RSE values are also obtained, where RSP is the Pearson’s correlation coefficient (RSP>0.95 = 
good SRRF image) and RSE is the root-mean-square error between the diffraction-limited 
image and the convolved SRRF image. It is worth mentioning that small-scale artefacts, less 
than 150 nm, cannot be detected with NanoJ-SQUIRREL (78). Prior to acquisition, a 
parameter sweep can be run to find optimal settings to achieve a high quality SRRF image. 
As well as determining the quality of a SRRF-processed image, through calculating RSP and 
RSE values, the resolution can also be determined using a built-in block-wise Fourier ring 
correlation (FRC) functionality in NanoJ-SQUIRREL. FRC was first used to determine the 
resolution of EM images (80), but has since been applied to fluorescent images, and is a 
metric that calculates the amount of similarity between spatial frequencies in two 
independently reconstructed images (81). Images are Fourier transformed (spatial domain 
converted to the frequency domain as a set of sine and cosine waves) and different spatial 
frequencies (frequency in space) for each image correlated. Resolution is calculated as the 
inverse of spatial frequency (1/spatial frequency) when the FRC value is set at a threshold of 
1/7 (≈0.143), so any value below this threshold is considered noise (82). NanoJ-SQUIRREL 
uses this threshold value to determine resolution and create a FRC map by splitting the raw 
dataset into even and odd number of frames before being separately SRRF-processed and 
input into the NanoJ-SQUIRREL FRC implementation. Prior to FRC analysis, the two SRRF 
images are split into blocks (each block contains a number of pixels) and a FRC value 
determined for each block, however, nearby blocks are combined to yield sufficient 
correlations. If there are insufficient correlations, nearest neighbour interpolation can be 
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applied, where nearby pixel values are used instead, which is why some shapes in the FRC 
map are not square. At least two pixels are required for a FRC calculation, because the spatial 
frequency of one pixel cannot be measured; this is why there are less pixels in the FRC map 
than the super-resolution image. Using a LUT, red regions in the map represent low-
resolution (high FRC value), whereas blue regions in the map represent high-resolution (low 
FRC value) (83). Colour keys for the RSE and FRC map show the minimum and maximum pixel 
values. The resolution of an image is often used as an indicator of whether a super-resolution 
image is of high quality, but high-resolution does not always yield a super-resolution free of 
artefacts and resolution is heterogeneous across an image. NanoJ-SRRF and NanoJ-SQUIRREL 
are both a part of a NanoJ toolbox, which includes other ImageJ plugins, such as NanoJ-
VirusMapper, NanoJ-Core, and NanoJ-Fluidics (84).  
 
 
Figure 13. NanoJ-SQUIRREL processs. A diffraction-limited image (A) was compared against a SRRF-
convolved image (B) to determine the quality of the SRRF image (C). A resolution scaled error (RSE) 
map (D) is produced, with low errors in purple and high errors in blue-yellow. RSP and RSE values are 
also obtained (RSP>0.95 = good SRRF image). Resolution was determined with the FRC 
implementation of NanoJ-SQUIRREL. A FRC-map (E) has red regions for low-resolution (high FRC value) 
and blue regions for high-resolution (low FRC value). The colour keys shows minimum and maximum 
values. Scale bar = 10 µm.  
 
 22 
 
1.2.9.2 Super-resolution optical fluctuation imaging  
1.2.9.2.1 Theory of SOFI 
 
Another technique with low requirements in terms of hardware is SOFI (85) since it can be 
implemented on any microscopy platform, including wide-field and TIRF, with a fast camera 
(26). As well as EMCCD cameras, SOFI has also been performed on sCMOS and industry-grade 
CMOS cameras (25). SOFI can resolve structures spatially in x, y, and z, and has a relatively 
high temporal resolution, compared to other super-resolution techniques. SOFI is also 
capable of reconstructing 3D super-resolution images, through the acquisition of different z-
positions (86). The principle of SOFI (Figure 14) was first described in 2009 by Thomas 
Dertinger (University of California, USA) (85). To generate a SOFI image, the structure of 
interest must first be labelled with a probe that fluctuates spontaneously between a 
fluorescent and non-fluorescent state (86). Signals produced from these fluctuations are 
recorded in a series of frames on a sensitive EMCCD camera (512-by-512 pixel), connected 
to a wide-field microscope. Each pixel in the wide-field image contains a signal that can be 
correlated (similarity compared) against a signal in a different pixel (cross-correlation) or 
against itself (autocorrelation) over time (87). For autocorrelation, zero time lags (shift in 
increment of time) are used, but for higher-orders time lags need to be introduced, for 
example, 4th order requires 4 time lags (85). At zero time lag, the SOFI signal is at its highest, 
since fluctuations within the signal are correlated, but as the lag time increases, fluctuations 
are de-correlated and the SOFI signal becomes negligible. Cross-correlation uses 
neighbouring pixels to calculate cross-cumulants from different pixel combinations, which 
generates additional virtual pixels that contain more sub-pixel information. Therefore, for 
cross-correlation a SOFI-processed image (1016-by-1016 pixels) will have twice the number 
of pixels compared to the average image. When generating virtual pixels, cross-correlated 
pixel combinations are given a weight, which is determined by the distance between pixels, 
known as the distance factor, to compensate for differences in intensity by applying the 
inverse of the distance factor to smooth the pixelated appearance of SOFI images (88). Using 
a SOFI processing algorithm in software such as Localizer (89), implemented in MATLAB or 
Igor Pro software, higher-order statistical analysis is performed to correlate fluctuations from 
signals generated by emitters (85). Signals that are correlated are assigned a positive 
cumulant value, whereas those that are not correlated are given zero and will not contribute 
to the SOFI image (90). Noise is dampened during SOFI-processing, because it is uncorrelated 
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in time, so this creates contrast and high SNR images. By drawing a line scan across a single 
point emitter or small structure in the SOFI image, a normalised intensity versus pixel 
distance graph can be plotted and a one-component Gaussian curve fitted (91). The FWHM 
of this curve can be used as a measure of resolution enhancement. A resolution 
improvement (PSF width decrease) proportional to √𝑛 or n by implementing interpolation 
and Fourier re-weighting (85, 88), have been determined (where n is the order of processing).  
 
 
Figure 14. Principle of SOFI. SOFI assumes that emitters are in a fixed position, but can fluctuate 
between a fluorescent and non-fluorescent state when illuminated with light (A). A series of images 
are acquired on a camera of two emitters fluctuating, but because of the diffraction limit of light 
cannot be resolved as separate entities (B). The signal from each pixel is recorded over time (C) and 
can be correlated by autocorrelation (D) to create a SOFI image in which the structures are better 
resolved (E). When a molecule is illuminated, a fluorescence intensity signal I is produced at a fixed 
position r. If fluorescence is intermittent, a number of molecules N fluctuate k=1 over time t. The 
distribution of fluorescence can be determined for any image by the sum Ʃ of each molecule’s PSF U(r-
rk) and molecular brightness Ɛk. SOFI reduces the PSF of a molecule. Schematic diagram was adapted 
from (85). 
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1.2.9.2.2 Different SOFI implementations  
 
Although, SOFI resolution is further improved by calculating higher-order cumulants, this 
increases the dynamic range of the resulting image, so there will be some fluorescent 
molecules that are extremely bright and others that are dim  (92). The large dynamic range 
of SOFI means that low emitting fluorescent molecules will be masked when close to 
neighbouring fluorescent molecules that have higher fluorescence intensities, whilst those 
fluorescent molecules that are always switched “ON” will not fluctuate, and will therefore 
be removed from the SOFI-processed image. Since SOFI was first implemented by Dertinger 
and co-workers in 2009, an extended version, balanced SOFI (bSOFI) has been developed, 
which takes into consideration non-linear variation in molecular brightness by generating 
molecular density (number of molecules per pixel area) maps through combining SOFI 
images of different cumulant orders to produce a final balanced contrast SOFI image (93). 
However, bSOFI can produce artefacts in images, which has been rectified with local dynamic 
range compression SOFI by calibrating higher-order SOFI images against the brightness of 
the 2nd order image (92). Another caveat of earlier versions of SOFI, involving the calculation 
of cross-cumulants, was the checker board pattern present when additional pixels were 
created (89, 93), however this pixilation issue was corrected for by using Fourier transform 
interpolation (94). During cross-correlation, neighbouring pixels are combined, but those at 
the edge cannot be cross-correlated, so often there is a black border around the edges of the 
SOFI image. In addition, calculating higher-order cumulants is complex and computationally 
demanding. To improve the use of higher-order SOFI, a low-pass denoising operator can be 
applied to reject shot-noise and increase in lateral resolution up to 16th order (95).  
To record a sufficient amount of fluctuations for correlation, a minimum number of images 
need to be acquired. Since SOFI requires fewer frames than SMLM to reconstruct an image, 
it yields a better temporal resolution. Previously, SOFI’s temporal resolution was limited to 
60 s, which was not capable of capturing dynamics of fast-moving proteins (96). Temporal 
resolution of SOFI has since been improved by modifying the SOFI algorithm (97). Instead of 
calculating higher-order cumulants, variance analysis has been used to achieve an 80 ms 
temporal resolution with 10 frames, and this adapted SOFI method was termed variance 
imaging for super-resolution (VISION) (98). 
Like all super-resolution microscopy techniques, SOFI is not artefact free, as movement of 
the sample during acquisition in the x, y, or z positions, can affect the resolution and cause 
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motion blur artefacts in the resulting SOFI-processed image.  Movement is, therefore, a real 
limitation for live cell SOFI of very motile proteins (99). A workaround to studying the 
dynamics of a fast moving protein, is to capture the movement with the shortest possible 
acquisition rate or fix at time-points, as a compromise. Although, SOFI does not require as 
many images as SMLM, it still needs at least 10 frames, so motion blur is still evident. As well 
as cell movement, artefacts can occur due to sample drift, loss of focus, or microscope 
vibration. Although, drift correction algorithms exist, which can correct movement that 
occurs systematically, motion blur as a result of live cell movement is challenging to predict, 
because this is random (100). To an extent photobleaching can be accounted for by splitting 
the stack into sub-stacks and SOFI-processing these stacks to give an average SOFI image.  
Both SOFI and SRRF do not rely on sparse activation of fluorophores, unlike SMLM. However, 
SRRF has the advantage of using conventional fluorophores, whereas SOFI requires probes 
that fluctuate on a suitable timescale. Many fluorophores have short blinking or stochastic 
blinking, such as Qdots, which is sometimes not on a suitable timescale for SOFI. Therefore, 
it is preferential that better fluorescent probes are developed that have controlled blinking 
(101). However, SOFI has been performed with non-fluctuating probes, through the use of 
speckle patterns illumination (102), which has also been employed in SIM (103). To date, 
SOFI has been used with a variety of fluorescent probes including, Qdots (85), a Tag-red 
fluorescent protein (RFP) (104), RSFP (Dronpa and Skylan-S) (105, 106), carbon nanodots 
(cdots) (107), polymer dots (pdots) (108), and synthetic organic dyes (109). High blinking 
Qdots have also been developed for SOFI, by synthesising Qdots with a thinner shell (98). 
Other creative ways to use SOFI without fluorescent labelling with a fluctuating probe, 
include exploiting the local concentration of zeolite aggregates (110). Labelling structures 
with Qdots often appears discontinuous, which makes it difficult to establish the degree of 
resolution enhancement of SOFI via a line scan. This has been largely corrected for using 
joint-tagging SOFI (JT-SOFI), which labels the same structure with multiple Qdots and 
combines the resulting SOFI images (111).  
 
1.2.9.2.3 Advantages of SOFI 
 
Regardless of the implementation used, SOFI has the capability to provide better co-
localisation information between proteins than wide-field microscopy. By using multiple 
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probes, to differentially label structures within a cell, different coloured channels can be 
sequentially SOFI-processed and then composited for analysis (111, 107, 112). Unique 
microscopy combinations have also been tried, including the use of SOFI with FCS (113), 
LSFM (32), STORM (114), dSTORM (115), PALM (116), SIM (117), AFM (45), and ultrasound 
imaging (118). Despite SMLM giving better spatial resolution, SOFI enhances temporal 
resolution using fewer frames. In addition, SOFI does not require densely labelled samples 
or high SNR images, and is suitable for live cell imaging of slow moving proteins (85, 119, 
120). Although, EM also yields high-resolution images, special sample preparation and high 
contrast probes are required, which means that all samples are fixed unlike the non-invasive 
SOFI method (85, 55).  Another high-resolution technique, AFM, does not require the sample 
to be fluorescently labelled, but this means that it cannot specifically resolve multiple 
proteins within the same sample, unlike SOFI. AFM also has a slow scan speed, whereas SOFI 
has a fast acquisition of the order of seconds. In contrast to AFM, which is a surface 
technique, SOFI can reveal intracellular structural and dynamic information inside of cells, 
which may provide a better understanding about how a protein functions (121). Since SOFI 
removes out-of-focus light, essentially uncorrelated noise, it can be applied prior to 
deconvolution to give a better performance of these algorithms (85). Although, some 
implementations of SOFI are available free as open-source code, an even easier approach 
would be to implement SOFI into an ImageJ plugin, which has previously been described in 
the literature using the QuickSOFI approach (122). 
 
1.2.9.2.4 Assessing the resolution and quality of SOFI images 
 
Despite the benefits of SOFI-processing, quantifying the resolution and quality of SOFI 
images has been addressed by few researchers in the imaging community (123, 116, 81). 
Resolution and image quality is dependent on factors such as sample preparation and image 
acquisition (81), and the two do not always correlate. The quality of a SOFI image has 
previously been judged by benchmarking against reference images typically of filamentous 
structures, such as microtubules, taken with other super-resolution techniques. A SOFI 
simulation tool has been developed that can aid the acquisition of high quality SOFI images 
by testing optimal parameters, such as the labelling density, before any experimental work 
begins (124). Any visible change in resolution, such as narrowing of structures, can be 
subjectively checked by eye or quantitatively by drawing a line through the structure of 
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interest and plotting its intensity. A smaller FWHM or dip in the line profile indicates 
resolution enhancement. To determine resolution, line profiles must be taken for a number 
of structures within an image to reduce human bias, because resolution is not homogenous 
and choosing the narrowest structure for the measurement is not representative of image 
resolution. A less biased approach would be to use FRC, because it takes into consideration 
all of the pixels in an image. Deschout et al., (116), were the first to use FRC specifically for 
resolution evaluation of SOFI images. As discussed earlier, FRC re-writes a super-resolution 
image as a sum of oscillations and compares the similarity of spatial frequencies (measure of 
how often sinusoidal waves repeat per unit distance) formed from two independent 
reconstructions (81). To calculate FRC, an image stack is randomly split into two independent 
sub-stacks, pixels binned (combine pixels to yield fewer pixels), and Fourier transformed 
(spatial domain is converted to the frequency domain as a set of sine and cosine waves). SOFI 
images should have a higher spatial frequency (low FRC value) than wide-field images, 
because they contain more information (more waves). Due to live cell movement, FWHM 
analysis can give a lower resolution value than that of FRC (74). Another caveat of FRC is that 
it incorrectly assumes that samples are homogenous, which can skew the estimation of 
resolution, so sectorial FRC has been introduced to combat this (116). FRC has been 
developed into a BIOP ImageJ plugin referred to as Fourier Image REsolution (FIRE). Analysis 
on the SNR of SOFI images has also been described, as a way to estimate quality. Similar to 
FRC, the image stack is divided into sub-stacks to minimise the effect of photobleaching, but 
one frame is deleted from each sub-stack to generate several SOFI images with pixel-wise 
variations in SNR (delete-1 jackknife re-sampling). As described previously, NanoJ-SQUIRREL, 
a freely available ImageJ plugin (79) can also be used to quantitatively assess the quality of 
SOFI images without any a priori information about the fluorophores. 
 
1.3 Fluorescence correlation spectroscopy 
 
SOFI uses temporal correlation analysis similar to FCS, which is a single molecule detection 
technique first developed in 1972. FCS analyses spontaneous fluctuations of fluorescent 
intensity within a femtolitre (10-15 L) detection volume, produced from fluorescent molecules 
(in the nM range) freely diffusing in and out of this volume (125). An autocorrelation function 
G(τ), inversely proportional to the number of fluorescent molecules (
1
N
), compares the 
similarity of a fluorescent signal to itself over time by copying the fluorescent intensity signal 
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and shifting it using time lags (126). A laser beam is focused on a low concentration of 
fluorescent molecules in solution (1-10 molecules in the confocal volume) for detection. 
Using the Stokes-Einstein equation: D = 
𝑘𝑇
6𝜋𝑛𝑅
 , where D is the diffusion coefficient (μm2/s), k 
is the Boltzmann constant (1.3806504 x 10-23 J/K), T is the absolute temperature (K), and η is 
viscosity, the hydrodynamic radius R of fluorescent molecules can be calculated. FCS has 
been used previously to determine the hydrodynamic size of Qdots (127-130). Since Qdots 
that have been conjugated to proteins are larger in size than unconjugated Qdots, they will 
move more slowly through a confocal volume and will thus have different diffusion times 
(128). However, there are some limitations of using FCS for Qdot size determination. Qdot 
blinking can cause the correlation function to be altered (131, 132). Variations have also been 
observed between Qdot hydrodynamic radii measurements taken using FCS and TEM due to 
differences in sample preparation (133). In addition, Qdot aggregation can also cause a 
change in the autocorrelation curves, due to their increased diffusion times, and so FCS can 
be used as a measure of their colloidal stability (128, 134).  
 
1.4 Fluorescent probe size and labelling 
 
To study single molecules and biological structures inside cells, they must be labelled with a 
fluorescent probe, so that they can be visualised under the microscope. A prerequisite of 
fluorescent probes is that they must be bright, water-soluble, and functionalised to target 
the specific protein of interest. It is common practice to fix cells first and then label with a 
fluorescent dye conjugated to an IgG antibody. However, by fixing cells, the dynamic 
processes that proteins are involved in cannot be studied in real-time, unless fixed at specific 
time points. Antibodies are invaluable to fluorescence microscopy, because when 
fluorescently labelled, they can locate specific proteins within a cell (135). Since IgG 
antibodies are approximately 150 kDa (14.5 nm x 8.5 nm x 4 nm), there is a linkage error 
between the structure of interest and the fluorescent dye attached to the antibody (136, 
137). It is beneficial for super-resolution microscopy to have a small probe, which will reduce 
the binding distance to the protein of interest. Nanobodies, single variable domains of heavy 
chain antibodies, are much smaller at approximately 13 kDa (1.5 nm x 2.5 nm) (138). Being 
small, nanobodies penetrate better through tissue and recognise epitopes that cannot be 
accessed by antibodies (139). Originally derived from Camelidae, nanobodies are robust: 
they maintain stability at high temperatures, have a long shelf-life, and are resistant to 
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extreme pH (140, 141). Secondary antibodies are considerably larger than nanobodies, being 
150 kDa (10-15 nm), and when used with primary antibodies are 20-30 nm. A toolbox of 
secondary anti-IgG nanobodies against mouse and rabbit IgG have been deposited on the 
repository Addgene for general use in super-resolution microscopy (142). In addition to 
nanobodies, commercial custom-made affirmers, 10 kDa domain proteins, have also been 
used as an alternative to antibodies in super-resolution imaging, because these binding 
proteins have greater stability than antibodies at high temperatures (143). Super-resolution 
relies on the optical properties of fluorophores. Although, random fluctuations are 
considered a nuisance in single-particle tracking, it is advantageous for SOFI to use probes 
that oscillate continuously between a non-fluorescent and fluorescent state, on a suitable 
time scale, of the order of milliseconds. It is assumed that during acquisition, the point 
emitters are stationary, so they should retain their position in each frame, and that the 
fluctuations produced from each point emitter are independent of fluctuations from 
neighbouring point emitters (90, 91). Neighbouring emitters fluctuate simultaneously, so 
when one emitter is switched “ON” and the other is “OFF”, they can be distinguished along 
a structure as separate entities. Qdots are therefore a good probe choice for SOFI, because 
they fluctuate stochastically under UV light (85).  
 
1.4.1 Quantum dots 
 
Qdots are semiconductor nanocrystals (2-10 nm), which are typically composed of an 
inorganic core of cadmium selenide (CdSe) or cadmium telluride (CdTe), a zinc sulfide (ZnS) 
shell, and a layer consisting of hydrophilic ligands such as polyethylene glycol (PEG) to make 
them water-soluble for biological application (98). The blinking phenomenon of Qdots is 
spontaneous, occurs on all timescales (144), and can be described using a power law (145). 
Qdots blink when subjected to a continuous light source, as their fluorescence can become 
quenched due to non-radiative Auger recombination, which intermittently puts the Qdots in 
the dark state (146). The size of a Qdot determines the colour it emits. Large Qdots emit red 
light, whereas small Qdots emit blue light (Figure 15). Typically, Qdots have a broad 
excitation spectra, but narrow emission spectra. Therefore, Qdots facilitate multiplex 
imaging, because they can be excited with a wide range of wavelengths, having a broad 
excitation peak, yet have a narrow emission peak. 
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Figure 15. Size determines the colour emitted by Qdots. Large CdSe/ZnS core-shell Qdots excited 
with UV light emit long wavelengths of light in the red region of the spectra, whilst smaller Qdots emit 
shorter wavelengths of light in the blue region of the spectra. Wavelengths and diameter sizes shown 
in this schematic diagram depict several commercially available Qdots. 
 
 
Through conjugating Qdots to antibodies, several groups have successfully labelled 
structures with Qdot-conjugated antibodies (Qdots-Abs) (147, 148) and have achieved 
multiplex imaging (112). However, Qdot labelling of nuclear proteins still presents challenges 
and protocols need further optimisation, such as shorter fixation times and longer 
permeabilisation with detergents such as Triton X-100, to access the nucleus (149). Although, 
Qdots are considerably brighter than synthetic organic dyes (150), they are larger than 
synthetic organic dyes (1 nm), because one Qdot (2-10 nm) attaches many antibodies (10 
nm). Qdots are, therefore, limited to in vitro imaging, because their large size can lead to 
steric hindrance. The size of Qdots can be measured with TEM, FCS, and dynamic light 
scattering. For live cell imaging, Qdot-Abs must be microinjected into cells, which is tedious, 
invasive, and often leads to aggregation, so cannot specifically target the protein of interest. 
Cells readily take up Qdots by endocytosis, so there is often high non-specific labelling.  
 
1.4.2 Reversibly switching fluorescent proteins 
 
Apart from using Qdot-Abs, proteins can be labelled genetically through transient 
transfection with cDNAs encoding fusions with fluorescent proteins. Although, the green 
fluorescent protein (GFP) is the most widely used fluorescent protein all over the world, this 
was not the case 30 years after to its initial discovery from the jellyfish Aequorea Victoria in 
1961, by Osamu Shimomura (151). It was not until after the chromophore structure of GFP 
was later identified in 1979 that it became routinely used in live cell imaging (152). After the 
development of GFP, several other different coloured fluorescent proteins were synthesised 
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by Roger Tsein, which were named after fruits, including mCherry (153). More recently, the 
development of GFP-like proteins have revolutionised biological imaging for their ability to 
repeatedly switch from a non-fluorescent to a fluorescent state under controlled illumination 
with a wavelength of light that switches the protein “ON” and another wavelength of light 
that switches the protein “OFF” (154). This photoswitching is not photobleaching, because 
the loss of fluorescence due to excitation is not permanent. RSFPs are distinct from the 
photoconvertible fluorescent protein (PCFP) Dendra, where the photoswitching of green to 
red, through UV illumination is irreversible (155). However, different photoactivatable 
fluorescent proteins (PAFP) can undergo irreversible or reversible (in the case of Dronpa) 
switching from a non-fluorescent to a fluorescent state using specific wavelengths of light 
(Figure 16) (156). Many RSFP variants, including Dronpa (157, 158), Dreiklang (159), and 
Skylan-S (106), accessible from Addgene, are utilised in super-resolution microscopy.  
 
 
Figure 16. RSFPs are distinct from PCFPs and PAFPs. Green RSFPs can be switched “OFF” with high 
intensity 488 nm illumination, whilst low intensity 405 nm illumination switches them “ON”, in a 
reversible manner (A). In contrast, green PCFPs can be irreversibly converted to a red fluorescent 
protein using 405 nm illumination (B) and different PAFPs can be converted from a non-fluorescent 
state to a fluorescent state, with 405 nm light, either irreversibly or reversibly (C). Figure was adapted 
from (155). 
 
 32 
 
The first GFP mutant cited in the literature took several minutes of illumination to switch 
from a fluorescent to a non-fluorescent state (160). However, the most widely used RSFP in 
super-resolution imaging, Dronpa, a green monomeric RSFP that was originally cloned from 
coral Pectiniidae in 2004 (157), can repeatedly switch within milliseconds (158). When 
irradiated with high intensity 488 nm light, Dronpa is switched “OFF”, but when it is 
irradiated with low intensity 405 nm light it is switched “ON”. A yellow RSFP, Dreiklang (159), 
has been successfully used in super-resolution, including SOFI (161). The most recent RSFP, 
Skylan-S, developed specifically for SOFI, is brighter and more photostable than Dronpa, so 
it yields higher resolution images (106). The advantage of using RSFPs for super-resolution is 
that their genetic encoding allows the direct imaging of proteins, without the need for 
labelling with antibodies. The use of SOFI with RSFPs is termed photochromic SOFI (pcSOFI) 
(162). Overexpressed RSFPs can cause artefactual aggregation. An ideal RSFP is one that is 
monomeric, so that it is less likely to oligmerise, preserving the localisation and function of 
the fused protein of interest, and also bright, to minimise photodamage to the biological 
structure by using lower intensity illumination (163). As well as using RSFPs for high-
resolution live cell imaging, fluorogen-activating-proteins (FAPs) (164), non-fluorescent 
single chain antibody fragments (140 amino acids long) have also been utilised in super-
resolution microscopy, through binding a small non-fluorescent far-red synthetic organic dye 
(flurogen), such as malachite green, to form a FAP-fluorogen complex (165).  
 
1.4.3 Synthetic organic dyes 
 
Small molecule fluorescent dyes, readily referred to as synthetic organic dyes, have been 
widely used to study biological processes, but unlike RSFPs they can only be used in fixed 
cells and are not suitable for live cell imaging of intracellular protein dynamics (119). 
However, RSFPs are less photostable than synthetic organic dyes and have a lower quantum 
yield. Synthetic organic dyes are subject to photobleaching and are less bright than Qdots. 
Despite this, synthetic organic dyes (1 nm) are smaller than Qdots (2-10 nm), so they can 
more specifically label the structure of interest when conjugated to antibodies (10 nm) (166). 
Although, fluctuations of synthetic organic dyes are insufficient for SOFI, using specific 
wavelengths of light and an oxygen scavenger cocktail of enzymes (glucose oxidase or 
catalase) and thiols (MEA), strong blinking of single molecules can be induced. 
 33 
 
The most commonly used synthetic organic dyes for super-resolution microscopy are the far-
red carbocyanine dyes, cyanine 5 (Cy5) and Alexa Fluor 647, which can reversibly switch from 
a fluorescent to a non-fluorescent state, through irradiation with specific wavelengths of 
light (167). Similar to the RSFP Dronpa, Cy5 can also be switched within milliseconds and up 
to 100 times without photobleaching (62). A long wavelength of light switches Cy5 from the 
fluorescent state to the non-fluorescent state, whilst a short wavelength of light returns Cy5 
molecules back to the fluorescent state (168). Photoswitching of Cy5 can be modulated by 
coupling to a Cy3 dye, creating a Cy5-Cy3 pair (60). One mechanism that proposes to cause 
this photoswitching behaviour is the cis-trans isomerisation of carbocyanine dyes. In the cis 
state, the dye is non-fluorescent, whilst in the trans state, the dye is fluorescent (169). Since 
carbocyanine dyes have short triplet state lifetimes, oxygen can be removed using glucose 
oxidase, to lengthen the time the synthetic organic dye spends in the dark state. 
Alternatively, a low amount of the reducing agent β-MEA and laser light can also prolong the 
triplet state of the dye, which is more compatible with live cell imaging, since a low 
concentration of thiols such as glutathione are already present in cells (170). Oxygen 
scavengers can also help to prevent photobleaching of synthetic organic dyes, by capturing 
reactive oxygen species (ROS), and are added to Vectashield mounting medium, to preserve 
fluorescent samples (169). Controlling the blinking of multiple coloured synthetic organic 
dyes, for multiplex super-resolution imaging, using the oxygen scavenger approach is 
challenging (118). Alexa Fluor 647 fluorescence has also been shown to be quenched in the 
presence of Vectashield, but this does not affect dSTORM (171).  
 
1.5 Application of super-resolution to biological systems 
 
Back in 2014, when this PhD project started, all of the papers published on SOFI 
demonstrated its resolving ability on filamentous structures such as microtubules, but none 
addressed specific biological questions, especially involving nuclear proteins. Through 
interdisciplinary collaboration, this research aimed to use SOFI as a tool to investigate protein 
localisation in several complex biological systems, including the nuclear protein HIF-2α. HIF-
1α and HIF-2α are differential regulators of oxygen homeostasis, so when this goes awry in 
tumours they develop hypoxic regions, which are resistant to chemotherapy. SOFI was used 
to probe the localisation of HIF-2α into speckles, which may help to establish its potential 
use as targeted cancer therapeutics. SOFI was needed to resolve these speckles, so that their 
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size and abundance could be more accurately determined, through the removal of out-of-
focus light. However, when higher resolution techniques were used, the HIF-2α speckles 
were no smaller than 100 nm, so SOFI was apt for the imaging of HIF-2α speckles. 
Although, the resolving capability of SOFI (60-100 nm) was sufficient for HIF-2α speckles, 
other structures might benefit from higher resolution techniques, such as STED or dSTORM. 
NETs are extracellular fibres that are below the diffraction limit of light and resolving ability 
of SOFI. However, SOFI can remove out-of-focus light to better visualise the granular proteins 
dotted along the NET fibres, which help to identify them. Understanding the protein 
composition of NETs, using SOFI, may uncover their role in immunity and lead to the 
development of therapeutics against autoimmune diseases. Unlike NET fibres, fibronectin 
fibres are of a size that is resolvable with SOFI, so the orientation of fibronectin fibres in 
scarred skin cells, within a complex ECM environment, can be investigated in greater detail. 
The current treatment of scarred skin is invasive, so by researching the organisation of ECM 
proteins using SOFI, the mechanism of ECM remodelling impairing scar formation may be 
better understood. Other ECM proteins such as laminins could also benefit from the 
resolution attainable with SOFI, as it may help to depict whether the deposition pattern of 
overexpressed LaNt alters LM-332. In doing so, SOFI may shed light on the organisation of 
LM-332, revealing its role in genetic skin fragility disorders. 
 
1.5.1 Hypoxia inducible factor two alpha  
 
Many of the fluorescent probes and microscopy techniques discussed here, have been used 
to investigate the localisation of several proteins, including a nuclear transcription factor 
involved in the oxygen-sensing pathway. Oxygen is fundamental to maintaining physiological 
processes, such as embryonic development and wound healing. Hypoxia occurs when tissues 
experience deficiency in oxygen, as a result of trauma or pathological conditions, such as 
cancer, pre-eclampsia, anaemia, and myocardial ischaemia. Hypoxia inducible factor (HIF) is 
a heterodimeric protein, consisting of HIFα and HIF-1β subunits, that controls oxygen 
homeostasis, through the regulation of gene transcription in response to changing oxygen 
levels (172). HIF exists as three isoforms: HIF-1α (173), HIF-2α (174), and HIF-3α (175). HIF-
1α was the first subunit of HIF to be identified and is a basic helix-loop-helix-PER/ARNT/SIM 
(PAS) protein (176). Since HIF is involved in a number of pathological conditions, it is a potential 
therapeutic target, therefore its role in the HIF pathway (Figure 17) is of interest.  
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Under normoxia (atmospheric oxygen levels of 21% or physiological oxygen levels of 1.5%), 
prolyl-hydroxylase domains (PHDs) use oxygen to hydroxylate two proline residues (p402 
and P564) in the oxygen dependent degradation domain (ODDD) of the HIF-α subunit. This 
hydroxylation allows the von Hippel-Lindau protein (pVHL) to target HIF-α for degradation. 
Also, in the presence of oxygen, factor inhibiting HIF (FIH) hydroxylates an asparagine residue 
(Asn803) of HIF-α, which prevents interaction with transcription co-factors P300 and CREB 
binding protein (CBP) (177). Under hypoxia (low oxygen conditions of 1% or less), PHDs 
(isoforms 1-3) and FIH can no longer hydroxylate HIF-α, so it avoids degradation, 
accumulates, and is translocated from the cytosol to the nucleus, through HIF-1α/HIF-2α 
binding to the HIF-1β subunit to form a HIF heterodimer. In the nucleus, HIF then binds to 
the promoter region of genes, the hypoxia response element (HRE), where it interacts with 
co-factors P300 and CBP, leading to transcription (178). Vascular endothelial growth factor 
(VEGF), which stimulates the production of blood vessels, in a process called angiogenesis, 
(179) and the glycoprotein hormone erythropoietin (EPO), which regulates red blood cell 
production (173), are both upregulated during hypoxia.  
Here, the focus is on HIF-2α, also known as HIF-1α-like protein (HLF) (180), endothelial PAS 
domain protein one (EPAS1) (174), HIF-related factor (HRF) (181), and members of the PAS 
super-family two (MOP2) (182), which is a transcription factor that localises in the nucleus 
under hypoxia and normoxia (183), as nuclear dots (184) or speckles (185). The localisation 
of HIF-2α in speckles has been proposed to be in active transcription sites (185) and a 
potential binding partner of phosphorylated Serine 5 ribonucleic acid polymerase two 
(Phospho Ser5 RNA Pol II) (186). The movement of HIF-2α molecules within speckles has 
been shown to be slower than that of HIF-1α (185). Although, HIF-1α and HIF-2α share 48% 
amino acid sequence similarity, unlike HIF-2α, the localisation of HIF-1α is homogenous and 
it is only present in the nucleus under hypoxia (174). Both HIF-1α and HIF-2α are helix-loop-
helix-PAS proteins (187), with the PAS domains being highly conserved, but there are 
differences in the C-terminal region of HIF-1α and HIF-2α (181). Protein stabilities of HIF-1α 
and HIF-2α also differ. Despite all three PHD isoforms being involved in regulating HIF-1α and 
HIF-2α, PHD2 has been shown to be the main regulator of HIF-1α levels (188), whilst PHD3 is 
the principal controller of HIF-2α levels (177). HIF-1α and HIF-2α are transcribed by different 
genes, HIF1A and EPAS1, respectively (189). Furthermore, HIF-1α is expressed in many 
different cell types (190), whereas HIF-2α is mostly present in endothelial cells (arterial) (181) 
and lung epithelial cells (191), which are exposed to higher oxygen than most cells in the 
body. The differential expression of HIF-1α and HIF-2α may account for different functions, 
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as HIF-1α and HIF-2α are responsible for regulating different genes: HIF-2α targets EPO in 
the liver, but HIF-1α does not (192). Since HIF-1α and HIF-2α can both dimerise with HIF-1β, 
formerly known as aryl hydrocarbon receptor nuclear translocator (ARNT) (193), HIF-1β is a 
known binding partner of HIF-2α. Similarly, hypoxia associated factor (HAF), previously 
known as SART1800, also binds to HIF-2α. HAF promotes transactivation of HIF-2α, but 
degrades HIF-1α (194). Spatial and temporal dynamics of HIF-2α with potential binding 
partners has been studied previously using conventional microscopy techniques (185). 
However, conventional images contained out-of-focus light in between the HIF-2α speckles, 
so these would benefit from being imaged with SOFI to enhance SNR and resolution.  
 
 
Figure 17. HIF pathway in response to normoxia and hypoxia. Under normoxia (atmospheric oxygen 
levels of 21% or physiological oxygen levels of 1.5%), PHDs use oxygen to hydroxylate 2 proline 
residues in the ODDD of HIF-α, whilst FIH hydroxylates an asparagine residue on HIF-α, allowing pVHL 
to degrade HIF-α and prevents interaction with co-factors P300/CBP, so transcription cannot take 
place (A). Under hypoxia (low oxygen levels, below 1%), PHDs and FIH can no longer degrade HIF-α, 
so it accumulates and is translocated to the nucleus, through the binding of HIF-1β, to form a HIF 
heterodimer, that can interact with co-factors P300/CBP and bind to HRE to transcribe genes (B).  
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1.5.2 Extracellular matrix proteins 
 
As well as intracellular targets, such as nuclear proteins, extracellular structures would also 
benefit from super-resolution microscopy, because these proteins are located in complex 
environments, so an improvement in SNR would help to better understand the assembly and 
organisation of the ECM. The ECM is heterogeneous and is composed of structural proteins, 
such as collagen, elastin, fibronectin, and laminins, which are primarily synthesised by 
fibroblasts (Figure 18). ECM acts as a scaffold for cells and is involved in a number of 
physiological processes, including embryonic development, wound healing, and 
angiogenesis, leading to tumour progression (195). The ECM is the medium through which 
intracellular communication occurs. Integrins, heterodimeric transmembrane receptors of 
αβ subunits, are also involved in cell adhesion and cell migration by anchoring the ECM to 
cells via the actin cytoskeleton, allowing cells to communicate with their environment 
through cell signalling (196). A short cytoplasmic tail on the β subunit of integrin connects it 
to actin cytoskeleton. Specific αβ subunit combinations of integrins recognise different 
ligands, including collagen (α1β1), fibronectin (α5β1), and laminin (α3β1) (197). The most 
abundant protein in the ECM is collagen, making up approximately 30% of protein in the 
human body, and is comprised of three right-handed polypeptide α-chains, forming a super-
coiled triple helical structure. In vertebrates, 28 different types of collagen exist, including 
type I, III, and V, which provide tensile strength (198).  
Collagen is closely associated with elastin, another major fibrous ECM component that allows 
tissues to stretch and extend, in a flexible manner, without causing deformation. Elastin is a 
predominately insoluble polymer, synthesised from its monomer tropoelastin, and has a low 
turnover (199). The globular protein fibronectin is a ubiquitous dimer comprised of 220-250 
kDa subunits (200). Plasma fibronectin resides in the blood, where it is ready to restore 
haemostasis by forming a fibrin clot, whereas cellular fibronectin is produced by cells to 
create a fibrous network (201). Basement membrane laminins are large heterodimeric 
proteins (400-900 kDa), made up of α, β, and γ subunits, that regulate cell migration (202). 
Another component of the ECM, proteoglycans such as syndecans, are macromolecules that 
also help to regulate physiological processes, through their interacting glycosaminoglycan 
(GAG) chains. Additionally, Hyaluronan (HA), a linear polymer that primarily exists in the ECM 
as large molecules (2 x 104 kDa), inhibits cell proliferation and migration, but can also 
promote these processes if they are cleaved to smaller molecules (3-300 kDa) (203).  
 38 
 
The mechanical stiffness of the ECM is often an indicator of disease and it has been found 
that tumours are stiffer than healthy tissue (198). AFM can be used to measure the stiffness 
of the ECM. The ECM is highly dynamic, it is altered during the aging process and wound 
healing. There is also a re-organisation of the ECM in response to inflammation, after tissue 
injury. Abnormal wound healing can result in an overproduction of ECM proteins collagen 
and fibronectin, in a process called fibrosis, which forms a hypertrophic scar or keloid (204). 
During fibrosis, the organisation of collagen fibres is changed, and instead of being in a basket 
weave formation, where the fibres are orientated perpendicular to one another, they are 
distributed in a parallel fashion (205).There is also twenty times more collagen and four times 
more fibronectin produced in keloids compared to healthy skin (196). Collagen fibres have 
also been shown to be much thicker in keloids than in healthy skin, whilst they are thinner in 
hypertrophic scars (206, 207). Only adult humans are susceptible to developing a keloid-like 
scar, with developing foetuses unable to form a scar (196). Keloid scars extend beyond where 
the initial injury took place, whereas hypertrophic scars are confined to this original site 
(208). ECM can be isolated from cells, using ammonium hydroxide, and its components 
imaged with fluorescence microscopy (209). Most investigations of the ECM have been done 
with 2D imaging, on cell monolayers, but to better represent the microenvironment, 3D 
imaging has now been employed (200). The organisation of collagen fibres in keloids has 
been investigated by combining multiphoton microscopy with fast Fourier transform (FFT) 
analysis (210), whilst fibronectin fibres have been imaged with dSTORM (211).  
 
Figure 18. Key components of the ECM. The ECM consists of structural proteins elastin, proteoglycans, 
collagens, fibronectin, and laminin, which are anchored to cells using glycoproteins, such as integrins, 
and act as a scaffold for actin filaments. Figure was adapted from (196). 
 39 
 
1.5.3 Neutrophil extracellular traps 
 
Although high-resolution TEM has previously been used to image extracellular fibres, 
including NETs, the composition of these fragile structures would be best suited to super-
resolution microscopy, due to the less invasive sample preparation. Neutrophils, a type of 
white blood cell, defend the body against pathogens, by creating an innate immune 
response, to engulf (phagocytose) and kill bacteria. As well as inflammatory stimuli, such as 
bacterial peptides and cytokines, when artificially stimulated with chemicals such as phorbol-
12-myristate-13-acetate (PMA), neutrophils become activated and release nuclear DNA and 
associated molecules (histones, proteases) to form NETs (Figure 19) (212). Before, their 
discovery in 2004 (213), these peculiar string-like structures were originally mistaken as 
imaging artefacts (214). During NETosis (215), a type of cell death that differs from apoptosis 
(216) and necrosis (217), neutrophils die and release NET filaments ~17 nm in diameter, 
which are below the diffraction limit of a light (250 nm) (218). Using super-resolution 
microscopy, the protein composition of NETs, which is dependent on the stimulus type, can 
be visualised in more detail. As well as TEM, NETs have also been imaged at high-resolution 
with SEM (219), but these DNA structures are often difficult to distinguish from fibrin, which 
is also string-like (220). However, unlike fibrin, NETs have additional 50 nm granular proteins 
dotted along their structures (218). As well as NETs being string-like, they can also present 
as cloud-like structures, as a result of hydration, when they are not fixed (218). 
Production of ROS by NADPH oxidase (NOX2, termed NOX-dependent NETosis) or release of 
mitochondrial ROS (NOX-independent NETosis) is vital for NETs to form (221). Many strains 
of bacteria and fungi are stimulators of NETosis, as well as ROS, such as hydrogen peroxide 
(218). There is evidence of NET release after just 10 minutes of incubation with an activator, 
making NETosis a quicker process than apoptosis, but this response is dose and agonist 
dependent (213). PMA stimulation results in NOX-dependent NETosis, whereas the calcium 
ionophore A23187 causes NETosis, which is NOX-independent (217). Neutrophils have a 
relatively short life span, as they die once granule proteins are released (221). Under PMA 
stimulation there is an abundant release of granule proteins such as neutrophil elastase (NE) 
and myeloperoxidase (MPO), whereas with A23187 stimulation, proteins such as 
peptidylarginine deiminase 4 (PAD4) and citrullinated histone H3 (citH3) are released from 
the NETs. Some of these NET-associated proteins have been identified using proteomics 
(219). Prior to NETosis, unstimulated neutrophils, otherwise known as polymorphonuclear 
leukocytes (222), have multi-lobed nuclei, but once stimulated, the nuclei lose their lobes 
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and become decondensed (221). During NETosis, proteins such as PAD4, an enzyme that 
catalyses the conversion of arginine residues to citrulline, in a process called citrullination, a 
form of post-translational protein modification, are abundant (223). PADs exist in four 
different types: I, II, III, and IV, where IV is nuclear whilst all the others are cytoplasmic, 
although IV (PAD4) is the most studied PAD in human NETs (224).  
NETs have a vital role within the immune system and neutrophils from species other than 
humans also make NETs, such as fish, birds (218), and dogs (225). The importance of NETs 
has been echoed by the fact that they are associated with a number of human diseases (220), 
including rheumatoid arthritis (226), pre-eclampsia (227), periodontitis (228), appendicitis 
(213), cystic fibrosis (229), and systemic lupus erythematosus (SLE) (230). To date, NET 
formation has been analysed using enzyme-linked immunosorbent assay (ELISA) (231), 
fluorescence activated cell sorting (FACS) (232), and mass spectrometry (233). The 
morphology of NETs has also been visualised with fluorescence microscopy, TEM, and SEM. 
Preparing NET samples for visualisation requires great care, because these structures are 
extremely fragile (234). Previously, the number of NET-associated proteins have been 
counted by eye, as an evaluation of NET formation, but this is laborious and subject to human 
bias (235). NET quantification in fluorescent images has been achieved with ImageJ software, 
which relies on unstimulated neutrophils having higher intensity lobulated nuclei when 
stained with a DNA intercalating dye than stimulated neutrophils that have decondensed 
nuclei, expelling their DNA into the extracellular space (236). Quantification has also been 
automated using NETQUANT, a free app for MATLAB (237) and made high-throughput using 
DNA Area and NETosis Analysis (DANA), an open-source ImageJ program (238).  
 
Figure 19. Process of NETosis. Receptors on the surface of neutrophils are stimulated by external 
stimuli, such as bacteria or PMA, which causes nuclei to decondense and granule enzymes to attach 
to DNA. As a response, NETs containing NE and MPO are released, trapping bacteria. Figure was 
adapted from (217).  
 
 41 
 
1.5.4 Laminins 
 
Co-localisation of other extracellular components, such as laminin-laminin interactions will 
also benefit from super-resolution microscopy, because higher spatial resolution will better 
determine if two proteins interact. Laminins are a family of large (400-900 KDa) ECM 
glycoproteins. These heterotrimeric proteins are cross-shaped molecules, with one long arm 
and 2-3 shorter arms. Each laminin is composed of α, β, and γ polypeptide chains and are 
named based on their subunit composition (239). Currently sixteen laminins have been 
identified, which display context and temporal differences in their expression profiles; all 
tissues contain laminins, with expression beginning during embryonic development.  
LM-332, previously laminin-5 or α3β3γ2, is a heterotrimer made up of α3, β3, and γ2 subunits 
(240). LM-332 is important for most epithelium homeostasis and mutations in LM-332 
subunits can cause the blistering disease junctional epidermolysis bullosa (JEB) (241). 
Laminins are deposited onto the basement membrane region of the ECM in patterns. LM-
332 interacts with the α6β4 integrin receptor associated with the hemidesmosome and α3β1 
integrin receptor associated with focal adhesions. These LM-332-α6β4 and LM-332-α3β1 
interactions leads to regulation of LM-332 organisation within the ECM, which determines 
migration patterns in cells (242). In stationary keratinocytes (skin cells), LM-332 is in a rose-
like pattern, whereas in non-stationary keratinocytes, LM-332 is assembled into trail-like 
patterns. Beyond a requirement for integrin binding, the precise mechanisms regulating 
laminin deposition and assembly into matrices is unknown (202). Highly regulated laminin 
matrix formation has been visualised in live cells using adenoviral vectors, to better 
understand laminin deposition (243).  
A new family of alternative splice isoforms, derived from the 5’-end of genes (LAMA3 and 
LAMA5), which encode α3 and α5 products, were identified in 2009 (244). These alternative 
splice isoforms do not contain the domains required for laminin heterotrimerisation, but do 
contain a laminin N-terminal (LN) domain and hence, were named laminin N-terminal (LaNt) 
proteins. Little is known about these relatively small proteins, but studies have suggested 
that the 64 kDa LaNt α31 protein, may share the role of laminin-related netrins by regulating 
laminin-laminin interactions that form the laminin-network, as they both have an LN domain 
(Figure 20). Competition in the joining of LN domains between LaNt and netrins (netrin-4, 
netrin-1, 3), may compromise the stability of this laminin-network (244).  
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LaNt α31 has been found to be expressed in skin (244) and eyes (245). Localisation of LaNt 
α31 is distinct from LM-332, as LaNt α31 is clustered towards the edge of cells in puncta and 
only partially co-localises with LM-332 (244). The basement membrane of corneal epithelial 
cells is rich in LM-332 and the LAMA3 gene is expressed at high levels in these cells. As well 
as being highly abundant in the basement membrane, LaNt α31 has also been found in 
epithelial regions above the basement membrane (245). The distribution of LaNt α31 is also 
conserved amongst different species, including human, pig, and mouse (245). A dynamic re-
distribution of LaNt α31 occurs in the form of increased expression when a scratch is 
introduced into 2D (244) and 3D (245) models of wound repair. An increase in the expression 
of LaNt α31 also reduces the migration of corneal cells, which may adversely affect wound 
healing (245). Being extracellular, laminins are a target for wound healing therapeutics, and 
peptides have been identified that can mimic the function of laminins (246).  
 
 
 
Figure 20. Structural similarity of LaNts and netrins. Both LaNt and netrins are cross-shaped 
molecules, with one long arm and 2-3 shorter arms. LaNt and netrins also share α, β, and γ LN domains, 
which join to form laminin-networks. However, LaNt and netrin LN domains can compete to de-
stabilise this laminin-network. Figure was adapted from (246).  
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1.6 Project aims 
 
The overall aim was to explore SOFI’s potential use in cell biology by using it to provide 
nanoscale information about a variety of biological systems. At the start of this project there 
was no super-resolution microscope available at the CCI. SOFI was chosen, because it is open-
source and can be applied to any optical system. It was anticipated that SOFI would be 
developed into a commercial add-on software that could be applied to more affordable 
microscopes, but SRRF-Stream became a better version of this. By rigorously investigating 
the use of SOFI in different biological applications, it was hoped that the advantages and 
limitations would be identified to help other researchers decide whether SOFI is the right 
technique for their own application. A prerequisite of SOFI is that structures must be labelled 
with a fluctuating probe, so a number of different labelling strategies were explored for 
specific proteins, including the use of Qdot-Abs, RSFPs, and synthetic organic dyes.  A robust 
immunocytochemistry protocol for Qdot-Abs was optimised, however, they could not 
specifically label intracellular targets, such as HIF-2α (Chapter 3). Further collaborations 
were, therefore, set up resolving extracellular proteins associated with NETs and the ECM. 
As an alternative to Qdots, HIF-2α was tagged to the RSFP Skylan-S. 
In the research laboratory of Violaine Sée (University of Liverpool, UK), HIF-2α was shown to 
localise within the nucleus in speckles, whilst HIF-1α was more homogenously distributed 
(185). It was hypothesised that HIF-2α speckles may be in active transcription sites and co-
localise with Phospho Ser5 RNA Pol II. The distribution and co-localisation of HIF-2α with 
potential binding partners, such as Phospho Ser5 RNA Pol II, was investigated using different 
super-resolution techniques in fixed cells (Chapter 5). Towards the end of this project, the 
CCI purchased a spinning disk confocal microscope with SRRF-Stream capability, so HIF-2α 
speckles were also imaged at high resolution in live cells.  
To obtain an optimal super-resolution image, acquisition settings for different open-source 
SOFI implementations were tested, as well as higher-order SOFI. The performance of SOFI in 
terms of accurately reconstructing structures in an image was also compared against other 
super-resolution techniques (Chapter 4). The quality and spatial resolution of super-
resolution images was determined with different quantitative tools, including FRC. As well as 
2D two-colour SOFI, 3D SOFI has also been accomplished. In addition, SOFI has been applied 
not only to epifluorescence and TIRF data, but also to light-sheet data.  
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Chapter 2: Materials and methods 
2.1 Materials 
All chemicals used were purchased from Sigma-Aldrich (UK), unless stated otherwise in the 
methods. Cell culture medium was purchased from Gibo (USA), tissue culture treated 
plasticware from Corning (USA), transfection reagent from Roche (UK), and Qdot-conjugated 
antibodies from Thermo Fisher Scientific (UK).  
 
2.2 Methods 
2.2.1 Cell culture (chapters 3-5) 
Human cervix epithelial carcinoma (HeLa) cells were cultured in 75 cm2 flasks at 37 °C with 5 
% (v/v) CO2, minimum essential medium (MEM, Life Technologies, UK) supplemented with 
10% (v/v) foetal bovine serum (FBS), and 1 % (v/v) non-essential amino acids (NEAA). HeLa 
cells (kind gift from Violaine Sée, University of Liverpool, UK) were split 1,000,000 cells/mL 
when >80% confluent with trypsin-EDTA. Rat mammary (Rama) 27 fibroblasts (kind gift from 
Phillip Rudland, University of Liverpool, UK) and HaCaT cells were cultured in a 75 cm2 flask 
at 37 °C with 5% (v/v) CO2, Dulbecco's modified Eagle's medium (DMEM, Life Technologies, 
UK) supplemented with 10% (v/v) FBS (Life Technologies, UK), 0.75% (w/v) sodium 
biocarbonate, 4 mM L-glutamine, 50 ng/mL insulin, and 50 ng/mL hydrocortisone (Sigma-
Aldrich, UK). Rama27 and HaCaT were split 1:8 when >60% confluent with trypsin-EDTA. A 
stable cell line TC7 3xGFP (expressing tubulin-GFP) (kind gift from Chöle Bulinkski, Colombia 
University, USA) was cultured in 75 cm² flasks at 37 °C with 5% (v/v) CO2, MEM (Life 
Technologies, UK) supplemented with 10% (v/v) FCS, 1% (v/v) NEAA, and fluorescence 
selected for using genetitin (Sigma-Aldrich, UK). TC7 3xGFP cells were split 1:15 when >80% 
confluent with trypsin-EDTA. Normal dermal fibroblasts (NF) and keloid fibroblasts (KF) 
(purchased from Tebu-Bio Ltd, USA) were cultured in 75 cm2 flasks at 37 oC with 5% (v/v) CO2, 
MEM supplemented with 10% (v/v) FBS, and split when 80% confluent with trypsin-EDTA. NF 
and KF were used between passages 4 and 6. NF, consisting of fibroblasts isolated from 
normal skin adjacent to keloid 110 (nskF110, Tebu-Bio Ltd), were purchased at passage 3, 
after tissue from the left cheek of a 9 year old Malay was surgically removed. KF (KF111) 
were also purchased after being surgically removed from the right back of a 21 year old 
Chinese female. As recommended by the manufacturer (Cell Research Corporation, 
Singapore), NF and KF were used between passage 4 and 6 for the following experiments. 
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All cells tested negative for mycoplasma contamination using a detection kit (Lonza, UK). 
Fixed neutrophil and immortalised corneal epithelial cells (hTCEpi) were kindly provided by 
Helen Wright (Institute of Ageing and Chronic Disease at University of Liverpool, UK) and 
Kevin Hamill (Department of Eye and Vision Science, at the Institute of Ageing and Chronic 
Disease at University of Liverpool, UK), respectively. 
 
2.2.2 Quantum dot characterisation and conjugation 
2.2.2.1 UV-visible absorption and photoluminescence spectra (section 3.2.1: Figure 22) 
Absorbance measurements of CdTe red and green Qdots (kindly provided by Vittorio 
Saggiomo, Netherlands) were taken at room temperature (RT) on a SpectraMax 34 Plus 
spectrophotometer (Molecular Devices, UK). Photoluminescence (PL) emission and 
excitation spectra of CdTe water-soluble Qdots were measured in a quartz cuvette (Starna 
Scientific, UK) with a path length of 10 nm using a Varian Cary Eclipse fluorescence 
spectrophotometer (Varian, Australia) at RT between 350-850 nm (λ excitation= 450 nm). 
2.2.2.2 Capturing blinking quantum dots (section 3.2.1: Figures 23 and 24) 
Commercially available Qdot 625-Abs fluctuating “ON” and “OFF” was analysed by fixing 
Qdot 625-Abs to the surface of a glass coverslip. A movie of a ‘single’ immobilised Qdot 625-
Ab blinking was captured at 10 fps on an epifluorescence microscope (63x 1.4NA plus a 2.5x 
magnifying lens) and an intensity time trace extracted using ImageJ. By applying a threshold 
and using the Analyze Particles feature in ImageJ, the number of Qdots was quantified. 
2.2.2.3 Conjugating anti-GFP nanobodies to CdTe quantum dots (section 3.2.2.1: Figure 26) 
Anti-GFP nanobody-Qdot conjugation was applied via a direct covalent approach using cross-
linking reagents 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and sulfo-N-
hydroxysuccinimide (sulfo-NHS). The carboxylate group on water-soluble CdTe Qdots was 
coupled to the amine group on anti-GFP nanobodies, forming an amide bond. Approximately 
150 μL CdTe Qdots (3-10 μM) was added to 25 μL 20 mM sodium borate buffer pH 7.4 and 5 
μL 50 mM sulfo-NHS/EDC activator, before being left to rotate for 30 min at 4 °C. After 
unreacted sulfo-NHS/EDC was removed with a 10 kDa centrifugal filter (Merck Millipore, 
Germany) and buffer-exchanged 3x with PBS (10,000 rpm, 5 min, RT), an excess of 13 kDa 
(2.5 nm x 4.5 nm) 15 μL 80 μM anti-GFP nanobodies (Allele Biotechnology, USA) was added 
and left to react for 2 h at 4 °C. After 2 h, the anti-GFP nanobody-Qdot conjugate was run for 
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30 min on a 1% (w/v) agarose gel at a constant voltage of 100 V with a running buffer of 1x 
Tris-acetate-EDTA (TAE), pH 8. The gel was imaged on a UV transilluminator. 
2.2.2.4 Site Click Qdot 625 antibody conjugation – antibody modification (section 3.2.3) 
For conjugation of Qdots to anti-GFP, a site click Qdot 625 antibody labelling kit was used 
(S10452: Thermo Fisher Scientific, UK). Briefly, a concentrator filter was initially washed with 
450 μL of ddH2O by centrifuging at 5,000 g for 6 min and the flow through discarded. Anti-
GFP antibody (Roche Limited, UK), 2mg/mL, was buffer-exchanged in the concentrator by 
adding 62.5 μL to 437.5 μL preparation buffer (provided by the manufacturer) and 
centrifuged at 5,000 g for 6 min, with the flow through discarded. Preparation buffer (450 
μL) was added to the concentrator and centrifuged for a further 6 min at 5,000 g. The 
concentrator was inverted into a collection tube and centrifuged at 1,000 g for 3 min to 
collect 50 μL of the concentrated antibody. The carbohydrate domain of the antibody was 
then modified by adding 10 μL of β-galactosidase and incubated for 4 h at 37 °C. For 
attachment of an azide, 75 μL ddH2O, 10 μL of 20x Tris buffer (pH 7), 25 μL of buffer additive, 
80 μL of GalT enzyme, and 220 μg UDP-GalNAz were added. The tube was sealed with 
Parafilm, centrifuged for 3 min at 1,000 g, and incubated overnight at 30 °C. 
2.2.2.5 Site Click Qdot 625 antibody conjugation – quantum dot attachment (section 3.2.3) 
 A large concentrator was washed with 1 mL 1x Tris buffer pH 7 by centrifuging at 1,200 g for 
10 min. Flow through was discarded from the concentrator and 1.75 mL of 1x Tris buffer pH 
7 was added with 250 μL of the modified antibody. The concentrator was centrifuged at 
1,200 g for 6 min. Once the flow through was disposed of, 1.8 mL of 1x Tris buffer pH 7 was 
added and centrifuged for 10 min at 1,200 g (x2). The flow through was discarded and 1.8 
mL of 1x Tris buffer pH 7 was added and centrifuged at 1,400 g for 10 min. The final volume 
in the concentrator was 100 μL. The filter was inverted into a collection tube and the 
concentrated antibody was collected through centrifugation at 1,000 g for 3 min. The 100 μL 
concentrated antibody was transferred to a 1.5 mL centrifuge tube and 50 μL of 
dibenzocyclooctyne (DIBO)-modified Qdot 625 nanocrystal was added, centrifuged at 5,000 
g for 3 min, and incubated overnight at 25 °C. The conjugate was stored in the dark at 4 °C 
until use.  
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2.2.2.6 Site Click Qdot 625 Antibody Conjugation – Determining Qdot 625 concentration 
(section 3.2.3) 
The concentration of the Qdots in the conjugate was calculated to be 3 μM using the 
equation c = 
𝐴
𝜀
, where c is the concentration of DIBO-modified Qdot 625 attached to the 
primary antibody, A is the absorbance of Qdot 625, and Ɛ is the extinction coefficient of Qdot 
625 (500,000 M-1cm-1). The absorbance between 605 nm-612 nm (step 10 nm) was measured 
to be 1.5 a.u. using a quartz cuvette with a 1 cm path length, on a SpectraMax 34 Plus 
spectrophotometer (Molecular Devices, UK).  
 
2.2.3 Transmission electron microscopy (section 3.2.3) 
Qdot 625-Ab was centrifuged at 1,000 g for 5 min to remove any aggregates. A 5 µL sample 
(0.5 µL Qdot 625-Ab 1 µM, diluted in 100 µL ddH2O) was added to a formyar/carbon electron 
microscopy grid and left to air dry before imaging. TEM image of Qdot 625 core/shell was 
taken on a TEM. The core/shell size of Qdot 625 was measured for all particles in the 
calibrated TEM image using the Analyze particles tool in ImageJ and a bar chart plotted in 
MATLAB to show the distribution of core/shell sizes. A threshold was set and joint particles 
were separated by applying a watershed filter. 
 
2.2.4 Size-exclusion high-performance liquid chromatography (section 3.2.3) 
A BIO-Gel TSK 40 XL (300 x 7.8 mm) size-exclusion chromatography (SEC) column (Bio-Rad) 
was set up on a Dionex ICS-3000 high-performance liquid chromatography (HPLC) system 
and pre-equilibrated with 0.2 um filtered phosphate buffered saline (PBS). The separation 
range was up to 669 kDa. A 50 µL Qdot 625-Ab (0.1 µM) sample was injected into the column 
and run with PBS at a flow rate of 0.5 mL/min. Elution was monitored at 214, 280, 400, 500 
and 600 nm. The column was calibrated by running standard proteins under the same 
conditions. The SEC-HPLC result for Qdot 625-Ab, using the 214 nm detection wavelength 
was plotted. Standard proteins of a known molecular weight were used as markers to 
calculate the molecular weight of Qdot 625-Ab. 
 
2.2.5 Fluorescence correlation spectroscopy (section 3.2.3) 
A Zeiss Axio Observer Z.1 780 CLSM (Zeiss, Germany) attached to a PicoQuant system 
(PicoQuant GmbH, Germany) was used. Point measurements were acquired for 60 s at 37 °C 
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using a 40x 1.2 NA water-immersion objective and a 485 nm pulsed diode laser (POL 828 
Sepia II Multichannel Picosecond Diode Laser, PicoQuant GmbH, Germany). Samples were 
loaded into a custom-built chamber made out of a glass coverslip and Parafilm welded onto 
a glass microscope slide using a heating block to prevent evaporation. The sample was drawn 
up into the channel by capillary action and inverted with the glass coverslip facing the 
objective. For calibration of the confocal volume (r₀), 10 nM ATTO 488 (ATTO-Tec, Germany) 
was used. Since the diffusion coefficient (D) of 400 μm²/s for ATTO 488 was known at a 
temperature (T) of 25 °C (PicoQuant, Germany), the diffusion coefficient (D) of ATTO 488 was 
determined to be 536 μm²/s at 37 °C using D (T) =  D (25 °C) x 
𝑇 (𝐾)
298.15 𝐾
  x 
(8.9𝑥 10−4 𝑃𝑎𝑆)
𝑛(𝑇)
, where 
n is the viscosity of water. During calibration, the correction collar of the 40x water-
immersion objective was adjusted to 0.17 mm to match the thickness of the coverslip used.  
ATTO 488 was fitted with a pure diffusion model and r0 was determined to be 0.6.fL after 
fixing the concentration to 10 mM and D to 536 μm²/s. A standard reference sample of 30 
nm fluorescent latex beads (Sigma-Aldrich, UK), diluted 1:500 in water, was used as a 
comparison to the Qdot-Abs. Each FCS measurement was repeated 5 times at different 
positions in the channel and the 5 repeats for 1 position plotted. A 615 nm long pass filter 
was placed in front of the detector for Qdots to block excitation light and a 520/35 short 
band pass filter was used for the ATTO 488 and fluorescent beads. SymPhoTime software 
(PicoQuant, Germany) was used to fit the autocorrelation function of ATTO488/beads to a 
pure diffusion model and the Qdot-Abs to a triplet model. The hydrodynamic diameter of 
the Qdot625-Ab and Qdot525-Ab was determined using: dQot = dST x 
τQdot
τST
 , where d is the 
hydrodynamic diameter, Qdot refers to quantum dot, ST is the standard, and τ is the diffusion 
time (128).  
 
2.2.6 Immunocytochemistry (chapters 3-5) 
Cells were seeded onto 16 mm circular glass coverslips (5 mm coverslips for light-sheet 
imaging) and grown until confluent (24 h), washed once in PBS (37 °C), and fixed in 4% (w/v) 
paraformaldehyde (PFA) for 10 min or 100% ice cold methanol (5 min). Cells were washed 3x 
in PBS (5 min), permeabilised with 0.25% Triton X-100 in PBS for 60 min (except methanol 
fixation), washed again 3x in PBS (5 min), and incubated with 6% bovine serum albumin (BSA, 
Sigma-Aldrich, UK) in PBS (60 min). Primary antibodies produced in mouse or rabbit were 
diluted (Table 2) in 6% (w/v) BSA and incubated overnight at 4 °C. Cells were washed 3x in 
PBS (5 min) and incubated with secondary antibodies diluted (Table 2) in 6% BSA at RT (60 
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min). Before preparation of the Qdot 625 conjugated secondary antibodies, the vial was 
centrifuged at 5,000 g for 3 min to remove any aggregates. After 3 washes in PBS (10 min), 
coverslips were mounted onto slides with ProLong Gold mounting medium (Thermo Fisher 
Scientific, UK), and stored at 4 °C overnight.  A negative control of secondary antibody only 
was also prepared to show any non-specific background staining. For dual labelled samples, 
cells were sequentially incubated with different species of primary and secondary antibodies. 
 
 Antibody Supplier Dilution 
P
ri
m
ar
y 
an
ti
b
o
d
ie
s 
Anti-Neutrophil Elastase rabbit 
polyclonal antibody 
Abcam (ab68672) 1:100 
Anti-MPO mouse monoclonal  
antibody 
Abcam (ab25989) 1:100 
Anti-Histone H3 (citrulline R2 + 
R8 + R17) rabbit polyclonal 
antibody 
Abcam (ab5103) 1:100 
Anti-Histone H3 mouse 
monoclonal antibody 
Abcam (ab195277) 1:100 
Anti-PAD4 mouse monoclonal 
antibody 
Abcam (ab128086) 1:00 
Anti-HIF-2-alpha recombinant 
Rabbit monoclonal antibody 
Bethyl Laboratories 
(BL-95-1A2) 
1:100 
Anti-HIF-1β mouse monoclonal 
antibody 
Abcam (ab2771) 1:100 
Anti-HIF-1α mouse monoclonal 
antibody 
BD Biosciences 
(610959) 
1:100 
Anti-SART1 (HAF) mouse 
polyclonal antibody 
Abcam (ab88583) 1:100 
Anti-RNA Polymerase II 
(Phospho Ser5) mouse 
monoclonal antibody 
Novus-Biologicals 
(NBP2-59219) 
1:50 
Anti-Nucleolin mouse 
monoclonal antibody 
Thermo Fisher 
Scientific (39-6400) 
1:100 
Anti-GFP from mouse (clones 7.1 
and 13.1) antibody 
Roche (11814460001) 1:100 
Anti-GFP rabbit polyclonal 
antibody 
Abcam (ab290) 1:100 
Anti-GFP (biotin) rabbit 
polyclonal antibody 
Abcam (ab69313) 1:100 
Anti-β-tubulin TUB 2.1 mouse 
monoclonal antibody 
Sigma-Aldrich (T5201) 1:100 
Anti-alpha Actinin 4 rabbit 
monoclonal antibody 
Abcam (ab108198) 1:100 
Anti-SC35 nuclear speckle 
marker mouse monoclonal 
antibody 
Abcam (ab11826) 1:100 
Anti-fibronectin rabbit 
polyclonal antibody 
Abcam (ab2413) 1:100 
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3E11 mouse monoclonal 
antibody against LaNt α31 
Kindly provided by 
Kevin Hamill (University 
of Liverpool, UK) 
1:100 
RG13 mouse monoclonal 
antibody against the LM α3 
subunit of LM-332 
Kindly provided by 
Kevin Hamill (University 
of Liverpool, UK) 
1:100 
Anti-mCherry monoclonal 
primary antibody 
Sigma-Aldrich 
(SAB2702291) 
1:100 
Anti-Talin-1 monoclonal 
antibody produced in mouse 
(clone 8d4) 
Sigma-Aldrich 
(T3287) 
1:100 
Phallodin-Alexa Fluor 488 Thermo Fisher 
Scientific (A12379) 
1:40 
Se
co
n
d
ar
y 
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o
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ie
s 
F(ab')2-Donkey anti-Mouse IgG 
(H+L) Secondary Antibody, Qdot 
625 conjugate 
Thermo Fisher 
Scientific 
(Q22085) 
1:50 
Donkey anti-Mouse IgG (H+L) 
Secondary antibody, Qdot ® 525 
conjugate 
Thermo Fisher 
Scientific (Q22073) 
1:50 
Donkey anti-Mouse, IgG (H+L) 
Secondary Antibody, Alexa Fluor 
647 conjugate 
Thermo Fisher 
Scientific (A-31571) 
1:500 
F(ab')2-Goat anti-Rabbit IgG 
(H+L) Secondary Antibody, Qdot 
625 conjugate 
Thermo Fisher 
Scientific (A10194) 
1:50 
Donkey anti-Rabbit IgG (H+L) 
Secondary antibody, Qdot ® 525 
conjugate 
Thermo Fisher 
Scientific (Q22074) 
1:50 
Goat anti-Rabbit IgG (H+L) 
Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488 
Thermo Fisher 
Scientific (A-11008) 
1:500 
Goat anti-Mouse IgG (H+L) 
Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488 
Thermo Fisher 
Scientific (A11001) 
1:500 
Goat anti-rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, 
Alexa 647 
Thermo Fisher 
Scientific (A-21244) 
1:500 
Qdot 625 streptavidin conjugate Thermo Fisher 
Scientific (Q22063) 
1:50 
Anti-mouse IgG (whole 
molecule) F(ab')2 fragment-Cy3 
antibody produced in sheep 
Sigma-Aldrich (C2181-
1ML) 
1:500 
Table 2. Primary and secondary antibodies for immunocytochemistry.  Working primary and 
secondary antibody dilutions for use in immunocytochemistry.  
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2.2.7 Western blot (section 5.2.1: Figure 86) 
Approximately 50,000 cells/mL of NF or KF were seeded onto 10 cm cell culture treated 
dishes (Corning, USA) and left to grow for 48 h. For cell treatment, cells were incubated for 
a further 24 h either in normal medium (DMEM + 10% FBS), no serum (DMEM only), or 
DMEM medium supplemented with 10 ng/mL BSA.  Confluent cells were washed in 1x PBS 
and lysed on ice in lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM EGTA, 0.5 mM 
Na3VO4, 1% (v/v) Triton X-100, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM sodium B-
glycerophosphate) containing 10 μg/mL phosphatase inhibitor cocktail for 1 min. After cell 
scrapping, the samples were centrifuged at 13,000 g for 5 min at 4 °C. A bicinchoninic acid 
(BCA) assay (Thermo Fisher Scientific, UK) was performed to determine the protein 
concentration of the supernatant (A562 nm), with BSA used as the protein standard. Lysate 
was diluted in lysis buffer and boiled at 95 °C in 9 uL Laemmli (2×) buffer (25% v/v 0.5 M Tris 
base pH 6.8, 20% v/v glycerol, 10% w/v SDS, 5% v/v β-mercaptoethanol, 0.1% w/v 
bromophenol blue) for 10 min. Between 10 ug – 30 ug of protein (45 μL) and 20 μL color-
coded pre-stained protein marker 43 – 315 kDa high range (New England Biolabs, UK) was 
loaded into a SDS polyacrylamide gel consisting of 4% stacking gel (4% v/v acrylamide, 0.4 M 
Tris pH 6.8, 0.65 ng/μL APS, 0.325% v/v TEMED) and 7.5% resolving gel (7.5% v/v acrylamide, 
0.4 M Tris pH 8.8, 0.1% w/v SDS, 0.25 ng/μL APS, 0.125% v/v TEMED), which was run at 100 
V for 90 min (RT) in 1x running buffer (192 mM glycine, 25 mM Tris, 3.4 mM SDS). Empty 
wells were loaded with 45 μL Laemmli (2x) buffer. Proteins were transferred onto 0.2 μm 
nitrocellulose membrane (Bio-Rad, UK) overnight at 30 mA (4 °C) with transfer buffer (192 
mM glycine, 25 mM Tris, 20% v/v methanol). Membrane was stained with Ponceau S stain 
(Sigma Aldrich, UK) and washed in 1x TBST pH 7.6 (0.2 M Tris, 0.1% v/v Tween-20, 0.14 M 
NaCl) for 2 min, before being incubated in 5% (w/v) non-fat milk (Marvel) in 1x TBST. After 
blocking, the membrane was incubated in primary antibodies overnight (4 °C). Primary 
antibodies (β-actin 1:3000, fibronectin 1:2000, and collagen I 1:1000) were all diluted in 5% 
BSA (w/v) in 1x TBST. Once washed 3x with 1x TBST (10 min), the membrane was incubated 
for 60 min in secondary antibodies (Table 3) (mouse 1:5000 and rabbit 1:3000, both diluted 
with 5% (w/v) BSA in 1x TBST). Before imaging, the membrane was washed 3x with 1xTBST 
and signal detected with ECL developer on a Syngene G-Box (Geneflow, UK). Protein 
abundance was quantified using ImageJ. 
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 Antibody Supplier Dilution 
P
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y 
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Anti-beta-actin mouse 
monoclonal antibody 
Abcam (ab8226) 1:3000 
Anti-collagen I rabbit 
polyclonal antibody 
Abcam (ab34710) 1:1000 
Anti-fibronectin rabbit 
polyclonal antibody 
Abcam (ab2413) 1:2000 
Se
co
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s Anti-rabbit IgG HRP 
secondary antibody 
Cell Signalling (7074S) 1:3000 
Sheep anti-mouse  
IgG H&L (HRP) 
Abcam (Ab6808) 1:5000 
Table 3. Primary and secondary antibodies used in western blotting. List of supplied primary and 
secondary antibodies and their working dilutions for use in western blot. 
 
2.2.8 Molecular biology 
2.2.8.1 DNA recovery before transformation into cells (sections 3.3, 5.1.1, and 5.1.5) 
Skylan-S constructs (Kind gifts from Pingyong Xu, Institute of Biophysics, Chinese Academy of 
Sciences, Beijing, China) (106), spotted on paper, were cut out and placed into a 1.5 mL 
Eppendorf tube. The DNA was dissolved in 100 μL of TE buffer and incubated at RT for 5 min. 
The DNA was centrifuged and 10 μL of supernatant was used to transfect E.coli. 
2.2.8.2 Transformation (sections 3.3, 5.1.1, and 5.1.5) 
E.coli DH5α (100 μL) competent cells was thawed on ice and added 10 μL of plasmid DNA 
was added. The cells were kept on ice for 30 min, heat shocked at 42 °C for 90 s, and then 
returned to ice for 2 min. 500 μL SOC microbial growth medium was added and incubated 
for 30 min at 37 °C. 100 μL of bacterial culture was spread onto agar plates containing 50 
μg/mL kanamycin and incubated overnight at 37 °C. A control plate containing no plasmid 
DNA was also prepared. One colony of bacteria was selected, transferred to 5 mL of LB broth 
with 5 μL of 50 ug/mL kanamycin using an inoculation loop and left on an orbital shaker at 
37 °C until cloudy. The all-day culture (1 mL) was added to 100 mL of LB broth containing 100 
uL 50 ug/mL kanamycin and left on an orbital shaker at 37 °C overnight. The cells were 
harvested by centrifuging at 4,000 g for 10 min at 4 °C. Glycerol stocks consisting of 500 µL 
80% glycerol and 500 µL day culture were prepared in cryovials.  
2.2.8.3 Plasmid DNA purification (sections 3.3, 5.1.1, and 5.1.5) 
Small scale (Mini-prep): 2 mL of overnight culture was centrifuged (8,000 rpm) for 2 min and 
the DNA was purified using a GeneJET plasmid kit (Thermo Fisher Scientific, UK). In short, the 
pellet was re-suspended in 250 µL resuspension solution and 250 µL lysis solution was added. 
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The tube was inverted 4-6 times, until the solution was slightly clear, 350 µL neutralisation 
solution was added and the tube again inverted 4-6 times. Solution was centrifuged 1,200 g 
for 5 min to get a white pellet. Supernatant was transferred to a spin column and centrifuged 
at 12000 g for 1 min, flow through was discarded, and 500 µl wash solution added (x3). Empty 
spin column was centrifuged at 12000 g for 1 min and top half of spin column transferred to 
a 1.5 mL Eppendorf tube with 50 µL elution buffer added, left for 2 min at RT, and then 
centrifuged at 12000 g for 2 min. Elute was transferred to a fresh Eppendorf tube and the 
amount of DNA determined using a NanoDrop ™ spectrophotometer (Thermo Fisher 
Scientific, UK).  
Large scale (Maxi-prep): The plasmid DNA was purified using a Purelink TM HiPure Plasmid 
Filter Purification Kit (Thermo Fisher Scientific, UK). Briefly, the supernatant from the 
harvested cells was removed and the pellet was re-suspended in 10 mL of buffer containing 
RNase A. Lysis buffer (10 mL) was added and when homogenous, 10 mL of precipitation 
buffer was added. Elution buffer (15 mL) was used to collect the plasmid DNA and the inner 
tube of the column discarded. Isopropanol (10.5 mL) was added to the eluted plasmid DNA 
and left to incubate for 2 min at RT. The plasmid DNA was centrifuged at 12,000 g for 30 min 
at 4 °C. The supernatant was removed and the pellet was re-suspended in 5 mL of 70% 
ethanol. Precipitation buffer (10 mL) was added to the lysate, mixed gently, and the pellet 
allowed to air-dry for 10 min. The pellet was re-suspended in 200 mL of TE buffer and the 
DNA was diluted to a final concentration of 1 μg/mL. 
2.2.8.4 Restriction digest (sections 3.3, 5.1.1, and 5.1.5) 
Restriction enzyme XhoI (NEB) 1.5 µL was added to 3 µL 1µg/µL Skylan-S, 2 µL smart buffer 
(NEB), and 13.5 µL ddH2O to give a total volume of 20 µL (Table 4). Skylan-S-N1 was singularly 
digested with restriction enzyme Xhol, by checking its plasmid map using SnapGene software 
(Figure 21A), to open up the backbone vector for the insertion of amplified HIF-2α. 
 
Component Volume (µL) 
XhoI (NEB) 1.5 
1 µg/µL Skylan-S 3 
Smart buffer (NEB) 2 
ddH2O 13.5 
Table 4. Restriction digest preparation. Regents required to linearise the vector of Skylan-S for In 
Fusion ® cloning of Skylan-S-HIF-2α. 
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2.2.8.5 Polymerase chain reaction (sections 3.3, 5.1.1, and 5.1.5) 
Forward and reverse primers were designed (Table 5), from the nucleotide sequence of pG-
enhanced green fluorescent protein (EGFP)-HIF-2α (Kind gift from James Bagnall, University 
of Manchester, UK), and reagents prepared (Table 6). Plasmid DNA, pG-EGFP-HIF-2α, was 
amplified via the polymerase chain reaction (PCR) using a Px2 thermal cycler (Thermo Fisher 
Scientific, UK) and a temperature gradient was used to find the optimum temperature (55.1 °C). 
Thirty cycles were used, including an initial denaturation step at 95 °C for 20 s, annealing 
temperature of 60.5 °C for 15 s, and elongation at 70 °C for 60 s (700 bp of DNA).  
 
Table 5. Skylan-S primer design. Forward and reverse PCR primers to amplify HIF-2α for In Fusion ® 
cloning of Skylan-S-HIF-2α. 
 
Table 6. Polymerase chain reaction preparation. Regents required for the amplification of HIF-2α by 
PCR for In Fusion ® cloning. 
 
2.2.8.6 Agarose gel electrophoresis (sections 3.3, 5.1.1, and 5.1.5) 
DNA fragments were ran at 100 V for 45 min on a 1% (w/v) agarose gel (1 g agarose + 100 
mL TAE), to separate the bands by size. The gel contained 5 µL midori green DNA dye, to 
enable the bands to be visualised under UV (Figure 21B). Gel bands were excised from the 
gel and an E.Z.N.A ® gel extraction kit (Omega Biotek, USA) was used to purify the DNA 
fragments, following the manufacturer’s instructions. The purified DNA was quantified by its 
Plasmid Primer Sequence 5’to 3’ 
pG-EGFP-
HIF-2α 
Forward CTACCGGACTCAGATCATGACAGCTGACAAGGAGAAGAAAAGG 
Reverse GAAGCTTGAGCTCGAGGGTGGCCTGGTCCAGGC 
Component Volume (µL) 
10x hot start KOD polymerase buffer (EMD Millipore) 5 
MgSO4 3 
DNTP 5 
1 µg/µL pG-EGFP-HIF-2α  1 
10 µM Forward HIF-2α primer 1.5 
10 µM Reverse HIF-2α primer 1.5 
ddH2O 32 
KOD polymerase 1 
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absorbance on a Nanodrop UV-visible spectrophotometer and the amount of DNA, required 
for In-Fusion ® HD cloning, was calculated using a Clontech calculator.  
 
 
Figure 21. Infusion cloning of HIF-2α-Skylan-S. Skylan-S-N1 (kindly provided by Pingyong Xu, Chinese 
Academy of Sciences in Beijing, China) was mapped using SnapGene software (A), to locate the 
restriction site to cut with XhoI (NEB) enzyme and digest Skylan-S-N1 (B). An undigested control of 
uncut Skylan-S-N1 (4681 bp) was also loaded onto the agarose gel (C). PCR was used to amplify the 
HIF-2α (D) from pG-EGFP-HIF-2α (Kind gift from Violaine Sée, University of Liverpool, UK). As Skylan-
S-N1 (4681 bp) was unconjugated, soluble, and diffuse, it was ideal for cloning purposes.  
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2.2.8.7 In Fusion ® HD cloning (sections 3.3, 5.1.1, and 5.1.5) 
A HIF-2α encoding insert was fused to the vector encoding the fluorescent tag Skylan-S using 
the In-Fusion ® HD Cloning method (Clontech Laboratories Inc., USA). In Fusion ® Reaction 
was prepared according to Table 7 and incubated for 15 min at 50 °C. Proteinase k (1µL) was 
added and incubated for 10 min at 37 °C. DNA (5 ng) was added to 50 µL Stellar cells and 
placed on ice for 30 min. Cells were heat shocked for 45 s at 42 °C. SOC medium was added 
to give a total volume of 500 µL, incubated at 37 °C for 1 h (225 rpm). After 1 h, the 
transformed cells were plated onto warm agar plates and left to incubate at 37 °C overnight. 
A single colony was picked off the agar plate, transferred to 5 mL LB broth containing 5 µL 
kanamycin, and incubated at 37 °C for 8 h. The 8 h culture (1 mL) was added to 100 mL of LB 
broth containing 100 uL 50 ug/mL kanamycin and left on an orbital shaker at 37 °C overnight 
in preparation for plasmid DNA purification (see mini-prep). After purification, the cloned 
DNA was transfected into HeLa cells to check the correct localisation of the resulting HIF-2α-
Skylan-S construct and it was also validated by sending it for sequencing (GATC, Germany).  
 
 
 
 
 
Table 7. In-Fusion ® cloning. Vector and insert amounts required for In-Fusion ® cloning of HIF-2α-
Skylan-S.  
 
2.2.8.8 Transient transfection (sections 3.2.3, 3.3, and 5.1) 
HeLa cells (100,000 cells/mL) were seeded onto 35 mm glass bottom dishes  (Greiner Bio-
One International) and transfected with HIF-2α-Skylan-S, LifeAct-Skylan-S, Microtubule-
associated protein four (MAP4)-Skylan-S, talin-EGFP, soluble-EGFP, HIF-2α-EGFP, HIF-1β-
DsRed, or HAF-EGFP using FuGENE6 transfection reagent (Roche Limited, UK), following the 
manufacturer's protocol (3:1 transfection reagent:DNA plasmid). For co-transfection 
3:0.5:0.5 transfection reagent:DNA plasmid 1: DNA plasmid2 was used. Skylan-S constructs 
were kindly provided by Pingyong Xu, Institute of Biophysics, Chinese Academy of Sciences, 
Component Volume (µL) 
Purified HIF-2α PCR product (insert) 5.6 
Skylan-S restriction digest product (linearised vector) 1.3 
5x infusion enzyme 2 
ddH2O 1.1 
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Beijing and EGFP constructs were kindly provided by Violaine Sée, University of Liverpool, 
UK. 
2.2.9 Image acquisition and processing 
2.2.9.1 Diffraction-limited imaging 
2.2.9.1.1 Epifluorescence Imaging (chapters 3-5) 
Unless otherwise stated in the figure legends, 1,000 images were acquired on a wide-field 
epifluorescence microscope (Zeiss Axio Observer Z.1, Germany), equipped with a 16 μm 512 
x 512 pixel sensitive EMCCD camera (Andor iXon 897 Ultra) and UV polychromatic mercury 
arc lamp (HBO120). A 100x 1.4 NA oil-immersion objective plus a 2.5x magnifying lens was 
used to achieve an effective pixel size of 64 nm and to satisfy Nyquist sampling. Acquisition 
of images was controlled using Micro-Manager software (247). Qdot 625 and Qdot 525 were 
imaged with Chroma filter sets 39106 and 39101(Chroma Technology Corporation, USA), 
respectively. The exposure time was varied according to the sample from 5-100 ms (see 
figure legends for appropriate exposure time). Two colour images were obtained by 
sequentially acquiring 1,000 frames in one channel and then 1,000 frames in the other 
channel. Grayscale images are displayed for single channel data and false colour for 
composite images using the Channels Tool in ImageJ.  Nucleolin-Alexa Fluor 488 (fixed in 4% 
w/v PFA) was imaged in wide-field mode (100x 1.46 NA plus 1.6x magnifying lens) with 50% 
(1.2 mW) of a 30 mW 488 nm laser, at different exposure times (5 ms, 10 ms, 50 ms, and 100 
ms), on a LSM 880 BioAFM system (Zeiss Axio Observer Z1, Zeiss Microscopy, Germany). HIF-
2α-Skylan-S was imaged (1,000 frames) in laser wide-field mode on a LSM 880 BioAFM 
system (Zeiss Axio Observer Z1, Zeiss Microscopy, Germany) with a 100x oil immersion 1.46 
NA objective with 50% (1.2 mW) of a 30 mW 488 nm laser at 10 ms.   
 
2.2.9.1.2 Microinjection (section 3.2.2.2: Figure 27) 
HeLa cells were cultured as described previously, seeded onto 35 mm glass bottom gridded 
dishes (ibidi GmbH) at a density of 10,000 cells per 2 mL MEM, and injected with 5 mg/mL 
fluorescein isothiocyanate dextran (FITC-dextran, molecular weight: 150,000, Sigma Aldrich, 
UK) using a 0.1 μm glass microcapillary needle tip (Eppendorf, UK). The micropipette tip is 
found at 10x magnification with the aid of coarse controls on the micromanipulator. Before 
microinjection, the camera mode was switched from electron-multiplying to conventional. 
Images of injected cells were obtained immediately after microinjection using a wide-field 
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epifluorescence microscope at 20x magnification. The following microinjector system 
(Eppendorf FemtoJet, Germany) settings were used: compensation pressure (Pc) 50 hPa to 
prevent back flow of the medium into the needle, injection pressure (Pi) 300 hPa, and 
injection time (ti) 0.3s. The cells were incubated throughout at 37°C and 5% CO2. 
 
2.2.9.1.3 Total internal reflection fluorescence (section 3.3: Figures 28 and 29) 
MAP4-Skylan-S (kindly provided by Pingyong Xu, Institute of Biophysics, Chinese Academy of 
Sciences, Beijing) was imaged using continuous illumination (100x 1.46 NA) on a LSM 880 
BioAFM system (Zeiss Axio Observer Z1, Zeiss Microscopy, Germany) with 10% (0.14 mW) of 
a 30 mW 488 nm laser (68 ° TIRF) and 20% 365 nm light-emitting diode (LED) at 10 fps (100 
ms exposure time). LifeAct-Skylan-S (kindly provided by Pingyong Xu, Institute of Biophysics, 
Chinese Academy of Sciences, Beijing) was illuminated via spontaneous recovery by initially 
switching “ON” with 365 nm colibri LED (20%) for up to 60 s, before being turned “OFF” 
completely with continuous illumination using 1% of a 30 mW 488 nm laser (100x 1.46 oil 
immersion objective). For Lifect-Skylan-S, 1,000 frames were acquired on a LSM 880 BioAFM 
system (Zeiss Axio Observer Z1, Zeiss Microscopy, Germany), at 30 ms, in TIRF mode (68  ͦ).  
 
2.2.9.1.4 Light-sheet fluorescence microscopy (section 4.6.1: Figures 66 and 67) 
HeLa cells were grown on 5 mm-by-5 mm glass circular coverslips (Agar Scientific, UK), fixed 
with methanol, and β-tubulin labelled with Qdot 625 by indirect immunofluorescence with 
antibodies. A specialised sample holder, on loan from Carl Zeiss Microscopy GmbH (Jena, 
Germany), comprising tweezers to suspend a 5 mm-by-5 mm coverslip, was used to image 
cell monolayers of β-tubulin-Qdot 625 on the light-sheet Z.1. One hour before acquisition, 
the light-sheet was set to RT. The coverslip was positioned at a 45 ° angle to the detection 
objective (40x 1.4 NA, plus maximum zoom) and 1,000 frames acquired at 4 different z-
positions with 100% of a 20 mW 561 nm laser in ZEN software, on a sCMOS camera. After 
SOFI-processing each z-stack, a maximum intensity projection of the SOFI-processed z-stack 
was taken in ImageJ, to display a complete cell in focus.  
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2.2.9.2 Diffraction-unlimited imaging  
2.2.9.2.1 Direct stochastic optical reconstruction microscopy (sections 3.4, 4.5, and 5.1.5) 
HeLa cells were fixed with 4% (w/v) PFA in a 6-well compartment dish (Nunc ® Lab-Tek II 
chambered coverglass, Sigma-Aldrich, UK) with β-tubulin (sample kindly provided by Carl 
Zeiss Microscopy GmbH, Jena, Germany) and HIF-2α labelled with Alexa Fluor 647. HIF-2α-
Alexa Fluor 647 and β-tubulin-Alexa Fluor 647 samples were incubated with a freshly 
prepared oxygen scavenger buffer, consisting of 800 μL ddH2O, 100 μL 10x PBS, 100  μL 1M 
MEA (pH 9) (Sigma-Aldrich, UK), and 10 μL 10 nM sodium hydroxide (NaOH) (Sigma-Aldrich, 
UK). For dSTORM imaging, 30,000 frames were sequentially acquired on an EMCCD camera 
attached to a Zeiss Elyra P.S.1 system (63x 1.4 NA). A region of interest (ROI) was cropped 
and illuminated with 100% of a 150 mW 642 nm laser (Long pass filter: 655 nm) and 0.5% of  
a 50 mW 405 nm laser in laser wide-field mode, with an additional FOV lens with TIRF-ultra 
high power (TIRF-UHP), at 20 ms. Raw image stack of HIF-2α-Alexa Fluor 647 and β-tubulin-
Alexa Fluor 647 was post-processed with dSTORM using ZEN software with a measured PSF.  
 
2.2.9.2.2 Super-resolution optical fluctuation imaging  
2.2.9.2.2.1 Two-dimensional SOFI (chapters 3-5) 
Unless stated elsewhere in the figure legends, 1,000 wide-field images were used for SOFI-
processing. Localizer and bSOFI were both implemented in MATLAB R2016a (MathWorks 
Inc., USA), using open-source codes available from bitbucket 
(https://bitbucket.org/pdedecker/localizer) and MATLAB Toolbox 
(https://documents.epfl.ch/users/l/le/leuteneg/www/BalancedSOFI), respectively. The 
script to run the Localizer code in MATLAB (MathWorks Inc., USA) code was compiled by 
David Mason (University of Liverpool, UK). MATLAB scripts can be found in the appendix. 
SOFI images were computed with time lag zero. Higher-order SOFI images for Localizer were 
re-scaled by taking roots of the pixel values, so for 3rd order SOFI, the cube root was taken. 
For two-colour SOFI, single channel data was SOFI-processed and then a composite image 
formed in ImageJ.  
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2.2.9.2.2.2 Three-dimensional SOFI with PRILM (section 4.6.3: Figure 70) 
To test the combination of PRILM and SOFI in obtaining additional information in z, an 
angular cylindrical-shaped glass lens (phase ramp) was inserted into the light path to split 
the PSF of the fluorophores into two equal lobes that were later reformed with SOFI-
processing. β-tubulin was labelled with Qdot 625 by indirect immunofluorescence and 1,000 
frames acquired on an Elyra PS.1 system (63x 1.4NA plus 1.6x magnifying lens) at 30 fps (33 
ms exposure time), in the presence of a 1.5’ wedge angle phase ramp (Zeiss 3D PALM slider). 
A 3D cross-cumulants algorithm was applied to the dataset in ZEN software (kindly provided 
by Yauheni Novikau at Carl Zeiss Microscopy GmbH, Jena, Germany). 
 
2.2.9.2.2.3 SOFI simulation tool (section 4.2.5: Figure 61) 
A SOFI simulation tool (124), implemented in MATLAB R2016a (MathWorks Inc., USA) was 
used to generate simulated bSOFI Siemens star pattern data up to 4th order, based on the 
following acquisition settings: Density in sample: 6.3968 μm-2 (Number on camera: 10,000 
μm2), Signal per frame: 400 photons, Background: 4 photons, On-state lifetime: 10 ms, Off-
state lifetime: 50 ms, Average bleaching time: 1 s, Readout noise: 1.6 ms, Dark: 0.06 
electrons/pixel/s, Quantum efficiency: 0.7, Gain: 4, Pixel size: 16 x 16 μm², Pixel number: 512 
x 512, NA: 1.4, Wavelength: 625 nm, Magnification: 100, acquisition time: 100 s, number of 
frames: 1,000, and acquisition rate (number of frames/acquisition time): 10 frames/s. 
Experimental data was also acquired by labelling β-tubulin with Qdot 625-Abs and imaging 
on an epifluorescence microscope (100x 1.4NA), using the same parameters as set in the 
SOFI simulation tool. ROIs were taking using open-source ImageJ software.  
 
2.2.9.2.2.4 Applying Lucy-Richardson deconvolution to SOFI (section 4.4: Figure 64) 
A Lucy-Richardson deconvolution algorithm was used on SOFI images processed with the 
Localizer algorithm, not to remove noise, as SOFI images should be noise-free, but to 
linearise the differences in molecular brightness from the SOFI processing. Lucy-Richardson 
deconvolution has already been incorporated into the bSOFI algorithm (93), but not the SOFI 
Localizer algorithm (89). To test the performance of the Lucy-Richardson algorithm on 
correcting the large variation in intensity of images processed with SOFI Localizer, for display 
purposes, a Lucy-Richardson algorithm, within the open-source DeconvolutionLab2 ImageJ 
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plugin (20), was applied to SOFI images processed with Localizer and the number of iterations 
varied from 5-20 (standard iteration is 10).  
 
2.2.9.2.3 Super-resolution radial fluctuations  
2.2.9.2.3.1 NanoJ-SRRF (sections 4.2.4.1, 4.5, 5.1.2, 5.1.4, and 5.1.5) 
Unless otherwise stated in figure legends, 100 frames of wide-field images, acquired at 5 ms 
on an epifluorescence microscope (100x 1.4 NA plus 2.5 magnifying lens) equipped with an 
arc mercury lamp source and an Andor iXon Ultra 897 EMCCD camera were post-processed 
with an ImageJ plugin NanoJ-SRRF. Default settings were used: ring radius 0.5, radiality 
magnification 5, axes in ring 6, and temporal radiality analysis (TRA). All default acquisition 
settings were kept constant unless one was varied for testing purposes, including the number 
of frames (50, 100, 500, and 1,000) and exposure time (5 ms, 10 ms, 50 ms, and 100 ms). 
Default post-processing parameters were also kept constant, unless varied for testing 
purposes, including ring radius (0.1, 0.25, 0.5, 1, 2, and 3), radiality magnification (1x, 5x, and 
10x), and axes in ring (2, 6, and 8).  
 
2.2.9.2.3.2 SRRF-Stream (sections 4.2.4.2 and 5.1.6) 
SRRF-Stream images were acquired on a Leica DMi8 spinning disk confocal (100x 1.4 NA plus 
2x magnifying lens), equipped with an Andor iXon 888 EMCCD camera. Alexa Fluor 647 and 
Alexa Fluor 488 was acquired with a 140 mW 637 nm laser and a 50 mW 488 nm laser, 
respectively. Large FOV (1024-by-1024) was captured with an effective pixel size of 65 nm 
(13 μm camera pixel size and 100x 1.4 NA plus 2x magnifying lens). Unless otherwise stated, 
default NanoJ-SRRF settings were used: ring radius of 0.5 and radiality magnification of 5x, 
as well as 100 frames and a 5 ms exposure time. 
 
2.2.9.2.4 Stimulated emission depletion (sections 4.5 and 5.1.5) 
All STED images were acquired by Peter Hemmerich at the imaging facility in the Leibniz 
Institute on Ageing (Fritz Lipmann Institute, Jena, Germany). The fluorescent protein HIF-2α-
EGFP was transfected into HeLa cells grown under normoxia, before being fixed with 4% PFA 
(w/v), and labelled with anti-GFP-NANObooster-ATTO647N, whilst β-tubulin was labelled 
with a primary anti-tubulin antibody and a secondary antibody conjugated to Abberior STAR 
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580. For STED imaging of proteins, a Leica TCS SP8 STED 3x microscope (100x 1.4NA) was 
used to acquire a z-stack of images with a 1.5 mW pulsed (80 MHz) excitation laser tunable 
from 470 to 670 nm (647 nm used at 100% for ATTO647N and 580 nm used at 100% for 
Abberior STAR 580) and a 100% of a 1.85 W pulsed (80 MHz) 775 nm STED depleted doughnut 
laser. The resulting STED z-stack post-processed with Huygens deconvolution software. The 
deconvolved STED image was displayed as a maximum intensity z projection.  
 
2.2.9.2.5 Structured illumination microscopy (sections 4.5 and 5.1.5) 
A z-stack of β-tubulin-Alexa Fluor 647 (10 positions) and transfected HIF-2α-EGFP  (7 
positions) was acquired with a 1% of a 150 mW 642 nm laser and 2% of a 100 mW 488 nm 
laser, respectively, at 100 ms. All images were  acquired on a sCMOS camera (no gain) with 
the Zeiss Elyra P.S.1 system using 5 rotations (34 μm grid). SIM-processing was done in ZEN 
software and a maximum intensity z projection was performed on the raw data in ImageJ.  
 
2.2.9.2.6 Airyscan imaging (sections 5.1.3, 5.1.4, and 5.1.5) 
Airyscan images were acquired on an LSM 880 confocal laser scanning Zeiss Axio Examiner 
Z1 upright microscope (Carl Zeiss Microscopy GmbH, Germany), with a 30 mW 488 nm laser 
and a 20 mW 561 nm laser, in ZEN software. A pinhole of 1.25 AU was selected and a 63x 1.4 
NA water immersion dipping objective used.   
 
2.2.9.3 Quantitative analyis 
2.2.9.3.1 Co-localisation analysis (sections 4.1.5 and 5.1.4) 
A freely available ImageJ plugin Just Another Co-localisation Plugin (JACoP) (248) was used 
to perform quantitative co-localisation analysis. By setting a threshold, Manders and 
Pearson’s correlation coefficients were calculated. Pearson correlation coefficient scatter 
plots of Qdot 625 and Alexa Fluor 488/GFP were produced in MATLAB (MathWorks Inc., USA) 
(249). Manders’ Correlation Coefficients (250) were determined using JACoP (248) in ImageJ 
(251, 252). To determine the range of Pearson’s correlation coefficient and Manders 
coefficient values that result in two proteins being considered to definitely co-localise, 
benchmark computer stimulated red and green channel ground-truth images of a known % 
co-localisation, were ran through JACoP (248). Image set CBS001RGM-CBS010RGM from the 
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Colocalization Benchmark Source (available from www.colocalization-benchmark.com) was 
used to validate co-localisation between HIF-2α and Phospho Ser5 RNA Pol II, HIF-1β, HAF, 
or HIF-1α. 
 
2.2.9.3.2 Measuring the experimental point spread function 
2.2.9.3.2.1 Preparation of 100 nm red fluorescent beads (section 4.3: Figure 63) 
To measure the PSF of an epifluorescence microscope, a 100 nm red fluorescent bead sample 
was prepared as described previously (10). In brief, 100 nm red fluorescent beads (Thermo 
Fisher Scientific, UK) were vortexed and serially diluted from 1:100 (102 dilution) to reach a 
final dilution of 1:1,000,000 (106 dilution), with ddH2O. Before the final dilution, the 
previously diluted bead solution (104 dilution) was sonicated in a water bath, at RT, for 20 
min to ensure that the beads were well dispersed. For the final dilution (106 dilution), the 104 
diluted bead solution was diluted 1:100 with 70% (v/v) ethanol and ddH2O: 1 μL 104 diluted 
beads, 900 μL 70% (v/v) ethanol, and 9 mL ddH2O. The 106 diluted bead solution was 
vortexed, before 4 μL was added to a 16 mm round coverslip (VWR International Ltd.) and 
immobilised by drying on a heating block. ProLong Gold Antifade mounting medium (7 μL) 
was added to a microscope slide and the coverslip containing the diluted beads was inverted 
onto it. Edges of the coverslip were sealed with nail varnish and left to dry overnight at RT. 
2.2.9.3.2.2 Determining the PSF from imaging beads (section 4.3: Figure 63) 
A z-stack of well-contrasted, uniform, 100 nm red fluorescent beads (Thermo Fisher 
Scientific, UK), with an emission maxima of 605 nm, was acquired with a 100x 1.4NA oil 
immersion objective, on an epifluorescence microscope (Zeiss Axio Observer Z.1, Germany). 
The focal plane was moved through the bead, starting at 5 μm above the bead and ending at 
5 μm below the bead, using a step size of 0.2 μm. Using orthogonal view in ImageJ, an in 
focus xy front view (lateral PSF), xz side view (axial PSF), and yz side view (axial PSF), of the 
bead was obtained. A 36 pixels-by-36 pixels ROI was selected at the z-position where the 
bead was most in-focus. A line was drawn through a single bead and the plotted intensity 
profile of its PSF fitted with a one component Gaussian, to calculate its FWHM, as a measure 
of the optical system’s resolution capability. A theoretical PSF and automatically calculated 
PSF was also determined for the same optical system and 100 nm red fluorescent bead z-
stack dataset using PSF Generator, a MetroloJ Image J plugin (253), by inputting the type of 
microscope (wide-field), emission wavelength of the beads (605 nm), and NA of the 100x oil 
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immersion objective (1.4 NA). From the plugin, a report is generated, including xy, xz, and yz 
maximum intensity projections, fitted and theoretical resolutions, and Gaussian profiles. 
Refer to MetroloJ ImageJ manual for detailed instructions on how to use it (254).  
 
2.2.9.3.3 Calculating FWHM as a measure of resolution (section 4.2.1: Figures 38, 39, and 40) 
Images were calibrated to pixels per micron in ImageJ using 
𝑃𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
 . Due to 
cross-correlation, the SOFI image will have double the number of pixels compared to the 
average image, so the average image (512-by-512 pixels) must be up-scaled to 1016-by-1016 
pixels, to match the size of the SOFI-processed image. In ImageJ, a line of interest was drawn 
through a structure of interest in the average wide-field and SOFI images, to plot an intensity 
profile (a Gaussian PSF is assumed for SOFI). The intensity values for the average wide-field 
and SOFI-processed images were normalised from 0 to 1. A one-component Gaussian was 
fitted to the normalised intensity profiles in MATLAB R2016a (MathWorks Inc., USA) and the 
standard deviation (σ) of the data was used to calculate the FWHM (2√2𝑙𝑛2 σ ≈ 2.355*σ) 
(7). In MATLAB R2016a (MathWorks Inc., USA) the general model Gauss1 was used: fit(x) = 
a1*exp (-((x-b1)/c1) ^2) [equation 1] with coefficients (95% confidence bounds) a1 
(amplitude), b1 (average), and c1 (standard deviation, width of the curve) generated. For 
equation 1, FWHM ≈ 2√𝑙𝑛2 ∗ 𝑐1 and not 2√2𝑙𝑛2 ∗ 𝑐1 so to account for the factor of 
√2 difference, the final FWHM value was divided by √2. A decrease in the width of the 
Gaussian profile (smaller FWHM), denotes narrowing of structures, which can be interpreted 
as an increase in resolution. The improvement in resolution was calculated as a percentage 
of FWHM decrease: (
(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑊𝐻𝑀 –𝐹𝑊𝐻𝑀 𝑆𝑂𝐹𝐼)
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑊𝐻𝑀
) ∗  100.  
 
2.2.9.3.4 Computing spatial resolution using Fourier ring correlation (section 4.2.2: Figure 41) 
The spatial resolution of SOFI images was computed using FIRE, an open-source BIOP ImageJ 
plugin, by splitting a raw wide-field dataset (1,000 frames) into two independent even and 
odd number sub-stacks (500 frames), which were individually SOFI-processed to 2nd order 
with bSOFI and Localizer. At a given spatial frequency, the degree of correlation was 
computed for the two SOFI-processed images. Within the FIRE ImageJ plugin, images of the 
same FOV were Fourier transformed to the frequency domain. Spatial frequency (μm-1) 
versus normalised FRC plots were plotted for the wide-field, bSOFI, and SOFI Localizer 
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images. Noisy FRC curves were smoothed by fitting with a LOESS (local polynomial 
regression) curve. Spatial resolution was determined by computing the inverse of the spatial 
frequency value (1/spatial frequency), and was the point where the smoothed FRC curve first 
crossed the set threshold cut-off value of 1/7 ≈ 0.143 (frequency of the signal before it 
became noise) (81). 
 
2.2.9.3.5 SNR estimation of SOFI images using jackknife re-sampling (section 4.2.3: Figures 42 
and 43) 
A prototype evaluate SOFI tool, developed by Wim Vandenberg of the Dedecker laboratory 
(KU Leuven, Belgium), was implemented in Igor Pro 7.08.1 64-Bit (WaveMetrics) to assess 
the SNR of sparsely labelled β-tubulin-Qdot 625 (100x 1.4 NA plus a 2.5x magnifying lens). 
Through input of a stack of images (N), containing blinking fluorophores, delete-1 jackknife 
re-sampling systematically deleted one frame from the dataset, to create a number of 
datasets, which varied by just one frame (N-1). These newly formed datasets were SOFI-
processed, yielding several different SOFI-processed images. The similarity of these SOFI 
images was compared by estimating the degree of variance in SNR between pixels in each 
SOFI image: 
𝑆
√𝑉𝑎𝑟(𝑆)
 , where S is signal of a SOFI pixel and Var(S) is the variance associated 
with that SOFI signal. A spatial de-correlation plot, and SNR histogram were output from the 
evaluate SOFI program.  
 
2.2.9.3.6 Image quality and resolution with NanoJ-SQUIRREL (section 4.2.4: Figures 44-60) 
A super-resolution image and a reference image (diffraction-limited average wide-field 
image up-scaled to the same size as the super-resolution image), were input into the open-
source ImageJ plugin NanoJ-SQUIRREL for resolution and quality analysis. For quality 
assessment, a RSE map, colour-coded with purple for low error and yellow-blue for high error 
was generated. RSP value of 0-1 was calculated, where RSP > 0.95 was considered a good 
quality image. Resolution was estimated with the built-in FRC option in NanoJ-SQUIRREL by 
splitting a dataset into even and odd frames, post-processing each dataset with a super-
resolution algorithm, such as SRRF or SOFI, and inputting two super-resolution images, to 
generate a FRC map and metric. The FRC map is colour-coded blue for regions in the image 
that are of high-resolution (low FRC values) and red for regions in the image that are of low-
resolution (high FRC values).  
 66 
 
 
2.2.9.3.7 Measuring FWHM of HIF-2α speckles (section 5.1.5: Figure 82) 
An open-source ImageJ code (https://bitbucket.org/davemason/fwhm_spotanalysis/src) 
was kindly written by CCI image analyst, David Mason (University of Liverpool, UK), to 
automatically measure the FWHM and abundance of HIF-2α speckles in microscopy images, 
based on a set threshold tolerance. The script works by drawing a horizontal or vertical line, 
of a set length, through each spot-like object in the calibrated image and a one component 
Gaussian fitted to the line profile. Only FWHM values, where the Gaussian fit yields an R-
squared value greater than 0.85, are used in the analysis. FWHM values greater than 10 times 
the expected size were excluded. A statistics table was generated.  
 
2.2.9.3.8 Directionality analysis of fibronectin fibres (section 5.2.2: Figures 88 and 89) 
Differences in fibronectin fibre orientation (direction) and angular distribution of the fibres 
aligned in a given direction (dispersion), in wide-field and SOFI-processed images was 
assessed using a Directionality plugin (255), developed by Jean-Yves Tinevez (Institut Pasteur, 
Paris), in ImageJ (251, 252). Amount of fibronectin fibres in a given direction was plotted as 
a histogram and the highest peak fitted with a Gaussian. Dispersion was measured from σ of 
the Gaussian. A Broad σ of the histogram indicated a high dispersion in the fibres 
(disorganised fibronectin), whereas a narrow σ, indicated aligned fibres. To eliminate bias, a 
ROI was always taken, so that there was at least one nucleus (Hoechst 33342) in the FOV. 
One-way ANOVA was performed on the data in MATLAB (MathWorks Inc., USA). 
 
2.2.9.3.9 Determining neutrophil extracellular trap formation (section 5.3.1: Figure 90-92) 
Mean fluorescence intensities of DNA release (Hoechst 33342 channel) and NET proteins 
(Qdot 625 channel) was compared (same lamp power and gain used) using ImageJ by 
drawing a line profile through a single granule protein in a neutrophil and its corresponding 
nuclei in a composite image. Lower Hoechst 33342 (Thermo Fisher Scientific, UK) 
fluorescence intensity compared to NET fluorescence intensity, confirms NET release (236).  
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Chapter 3: Labelling structures with fluctuating probes 
 
3.1 Introduction to the use of fluctuating probes in SOFI 
 
SOFI relies on independent and continuous fluorescence intermittency of fluorophores that 
can switch between a fluorescent and non-fluorescent state, over time, when constantly 
illuminated with light (86). It is assumed that the fluorophores are immobile when the 
consecutive images are being acquired. In this way, any changes in the photon count is due 
to fluctuations, which can be correlated in time, during SOFI-processing. However, in the 
presence of photobleaching, the fluorescent signal emitted is no longer constant and cannot 
be considered as independent (256). Although, labelling density is not an issue for SOFI, one 
limitation is that it requires structures to be labelled with a fluctuating probe. To date, several 
fluctuating probes have been utilised in SOFI. The first paper demonstrating SOFI was using 
Qdots (85), but since then there have been other attempts to label structures of interest with 
suitable probes for SOFI, including the use of synthetic organic dyes (109), pdots (108), cdots 
(107), and RSFPs (158, 106). Despite the array of fluorescent probes available for SOFI, there 
are some advantages and disadvantages associated with each type, in terms of photostability 
and specificity in labelling proteins of interest. Here, the suitability of Qdots, RSFPs, and 
synthetic organic dyes for SOFI was investigated.  
 
3.2 Quantum dot labelling 
3.2.1 Quantum dot characterisation 
Since Qdots fluctuate stochastically in response to light irradiation (144) and are resistant to 
photobleaching, they are a good probe choice for SOFI (98). As discussed in section 1.4.1, 
Qdots are semiconductor nanocrystals, 2-10 nm in diameter, that typically consist of a 
metallic core of CdSe or CdTe and an inorganic ZnS shell (147, 257). For biological 
applications, it is desirable for Qdots to be rendered water-soluble by coating their surfaces 
with hydrophilic ligands, such as PEG (258), or encapsulating Qdots with amphiphilic 
polymers (259). Qdots are an attractive alternative to traditional synthetic organic dyes, 
because they are much brighter and more photostable (148). In contrast to synthetic organic 
dyes, Qdots can also be excited with a wide range of wavelengths and have narrow emission 
 68 
 
spectra; which is advantageous for multiplex imaging (260, 261). The emission spectra of 
Qdots are dependent on their size, with the emission peak for large Qdots being in the red 
end of the spectra and smaller Qdots in the green-blue region (147). Here, the optical 
properties of large red CdTe Qdots and smaller green CdTe Qots (kindly provided by Vittorio 
Saggiomo, Netherlands) were characterised by plotting their UV-visible absorption and 
excitation-emission spectra. UV-visible absorption spectra were measured from 350 nm-850 
nm for two differently sized water-soluble CdTe Qdots (Figure 22A). There was a change in 
the UV-visible spectra, as the absorption peaks are shifted to a shorter wavelength for small 
green Qdots and a longer wavelength for larger red Qdots. The photoluminescence (PL) 
excitation and emission spectra of red and green CdTe Qdots were also plotted (Figure 22B). 
The emission peaks shifted to a longer wavelength with increasing size (Figure 22B). 
 
Figure 22. UV-visible spectra and excitation-emission spectra of CdTe Qdots. The absorbance of two 
differently sized CdTe Qdots was measured from 350-850 nm (A). The absorption peak of small green 
Qdots was shifted further left to a shorter wavelength compared to larger red Qdots, which shifted 
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towards a longer wavelength. Emission and excitation spectra of two differently sized CdTe Qdots (red 
and green) was also obtained (B). Photoluminescence (PL) intensity of red and green CdTe Qdots were 
measured. The dotted and solid lines in (B) represent the excitation and emission, respectively. 
 
Despite the blinking nature of Qdots being suitable for achieving SOFI images of immobile 
structures, they are not ideal for real-time measurements, because some Qdots may spend 
long periods of time in the non-fluorescent state, so to capture enough fluctuations for 
reconstructing a satisfactory SOFI image, a large number of images or longer exposure times 
are needed (98). The temporal resolution of SOFI has been improved previously by 
engineering Qdots with a thinner outer ZnS shell, which resulted in faster transitions 
between a fluorescent and non-fluorescent state, so fewer images were required (10 frames) 
(98). The concept of shell thickness affecting Qdot photostability has been described earlier 
in 1997 (262). Once coated with ZnS shells and subsequently conjugated to antibodies, the 
overall hydrodynamic radii of Qdots (15-20 nm) are much larger than that of synthetic 
organic dyes conjugated to antibodies (263). One large Qdot may attach many antibodies, as 
opposed to many synthetic organic dye molecules being coupled to one specific antibody 
(264). In-house Qdot-Abs are generally smaller than commercial Qdot-Abs, so have better 
control over the stoichiometry and blinking. However, blinking enhanced Qdots are not 
currently commercially available, which unfortunately hinders their use by others. Here, the 
performance of commercially available Qdot 625-Abs fluctuating “ON” and “OFF” was 
analysed, by fixing Qdot 625-Abs to the surface of a glass coverslip. The blinking of a ‘single’ 
immobilised Qdot 625-Ab was captured at 10 fps on an epifluorescence microscope (63x 
1.4NA plus a 2.5x magnifying lens) and an intensity time trace extracted using ImageJ (Figure 
23). Peaks indicated that the Qdot was in the “ON” state, whereas troughs showed that the 
Qdot was in the “OFF” state for a period of time. Since the blinking nature of Qdots is 
uncontrolled and exists on all timescales, there were some Qdots that blinked fast, whilst 
others remained in the “ON” state indefinitely during image acquisition, which will lead to 
unwanted heterogeneities of brightness in the SOFI-processed image (85).  
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Figure 23. Qdots blinking stochastically. Screenshot of a single frame from a movie of a ROI Qdot 625 
fluctuating “ON” (A) and “OFF” (B). Intensity time trace of a single Qdot 625 with peaks when the Qdot 
is “ON” and troughs when the Qdot is “OFF” (C). 
 
To determine how these fluctuating Qdot 625-Abs perform in SOFI-processing, the same 
blinking dataset was SOFI-processed up to 2nd order SOFI with Localizer, implemented in 
MATLAB R2016a (Mathworks Inc., USA) (Figure 24). Second order was chosen to minimise 
the negative effect the SOFI algorithm has on the loss of dim Qdots from being masked by 
brighter Qdots, because at higher orders variations in brightness increase substaintially with 
the Localizer implementation of SOFI. A line was drawn through a ‘single’ Qdot in both the 
average wide-field image and SOFI-processed image. Qdots blinking in close proximity in the 
average wide-field image are displayed as one Qdot (265), but in the SOFI-processed image, 
they are discerned as two separate Qdots. Line profiles showed one large peak for the 
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average wide-field Qdot and two narrower peaks for the SOFI-processed Qdots. Inconsistent 
blinking of Qdots meant that multiple Qdots, in close proximity, which were constantly 
switched “ON” during the image acquisition were considered as one large saturated Qdot, 
and as a result were removed in the SOFI-processed image. By applying a threshold and using 
the Analyze Particles feature in ImageJ, the number of Qdots was quantified, with 240 Qdots 
being detected in the average wide-field image, but only 229 Qdots detected in the SOFI-
processed image. The loss of Qdots in the SOFI image may be as a result of the SOFI 
processing, where those Qdots that do not fluctuate on a suitable timescale for SOFI, by 
remaining in the fluorescent or non-fluorescent state for too long, are removed from the 
image, or due to dim Qdots being masked by brighter Qdots. Likewise, saturated Qdots may 
also be removed from the SOFI image, creating an artefact. Missing Qdots may have severe 
consequences for the interpretation of biological structures labelled with Qdot-Abs. For 
example, if too many Qdots are absent from the centre of a spherical structure, it may be 
incorrectly suggested to be a doughnut shape, which will affect its function. To confirm 
whether it is the SOFI algorithm responsible for the loss of fluorophores, or the stochastic 
blinking of Qdots themselves, a control experiment could be performed by analysing 
different dyes, such as Alexa Fluor 647 or Alexa Fluor 488, pre and post SOFI processing. 
Alternatively, this analysis could have been run on simulated data.  
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Figure 24.  SOFI-processed Qdots. Qdot 625-Abs were immobilised on a glass coverslip and imaged 
on an epifluorescence microscope (63x 1.4NA plus 2.5x magnifying lens) at 10 fps. A stack of 99 wide-
field images were SOFI-processed up to 2nd order SOFI using Localizer, implemented in MATLAB. A line 
was drawn through a ‘single’ Qdot in an average wide-field image (A) and SOFI-processed image (B), 
to determine the resolving power of SOFI. One Qdot in the average wide-field ROI (C) is resolved into 
two Qdots in the SOFI-processed ROI (D). The line profiles were plotted (E), to show one large peak 
for the average wide-field Qdot and two narrower peaks for the SOFI-processed Qdot. A total of 240 
Qdots are present in the average wide-field image and 229 Qdots in the SOFI-processed image. Scale 
bar = 10 μm.  
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3.2.2 Development of Qdot nanoprobes to specifically label proteins 
3.2.2.1 Anti-GFP nanobody-Qdot conjugation 
 
Although, it has been established that the blinking of commercial Qdot 625-Abs is sufficient 
for SOFI-processing, the price per unit volume is considerably higher than that of synthetic 
organic dyes, such as Alexa Fluor 488 (266). To date, Qdot 625-Ab (100 μL) supplied at 1 μM 
cost £193.00, whilst Alexa Fluor 488 (500 μL) supplied at 2 mg/mL (based on the molecular 
weight of Alexa Fluor 488 being 145 g/mol according to Thermo Fisher Scientific UK 
datasheet), cost £183.00. The initial stock concentration of Alexa Fluor 488 is 13.8 μM, but 
for use in immunocytochemistry needs to be diluted 1:500 to give a final working 
concentration of 4 µg/mL (equivalent to 30 nM). For specific labelling with Qdots, an initial 1 
µM stock concentration of Qdot 625-Ab is diluted to 1:50, to give a final working 
concentration of 20 nM for immunocytochemistry. Therefore, Alexa Fluor 488 (30 nM) and 
Qdot 625-Ab (20 nM) are used at a similar concentration, however, Qdot 625-Ab is sold at a 
much lower stock concentration (1 µM) than Alexa Fluor 488 (13.8 μM), for an equivalent 
price. If there is an issue in that some Qdots are lost after SOFI-processing (3.2.1 Quantum 
dot characterisation), it might not be worth the extra cost of using Qdot-Abs in SOFI 
compared to lower priced Alexa Fluor 488. In addition, the size of these commercially 
available Qdot 625-Ab is considerably larger than synthetic organic dyes, which is an issue 
when labelling small proteins. One way to reduce their size, is to replace antibodies (150 kDa) 
conjugated to Qdots (2-10 nm) with nanobodies (13 kDa), also known as nano-traps or 
chromobodies, which are single domain binding fragments derived from heavy-chain 
antibodies of Camelidae (267, 268). The attachment of anti-GFP nanobodies to Qdots has 
been achieved recently (269). Here, the development of smaller nanoprobes was attempted 
by conjugating anti-GFP nanobodies (ChromoTek, Germany) to water-soluble CdTe Qdots 
(kindly supplied by Vittorio Saggiomo, Netherlands). Compared to using a commercial Qdot-
conjugated secondary antibody with a primary antibody, the probe size of an anti-GFP 
nanobody-Qdot conjugate will be minimal, as this nanoprobe will more specifically bind to 
the protein of interest. A direct covalent approach was used with cross-linking reagents EDC 
and sulfo-NHS. The carboxylate group (COOH) on water-soluble CdTe Qdots, capped with 3-
mercaptopropionic acid, was coupled to the amine group (NH2) on anti-GFP nanobodies, 
forming an amide bond (Figure 25).  
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Figure 25. Anti-GFP nanobody-Qdot conjugation. A nanobody is a 13 kDa single domain binding 
fragment, derived from heavy-chain antibodies of Camelidae (A). The amine group (NH2) on an anti-
GFP nanobody can be linked to a carboxylate group (COOH) on a Qdot (B). 
 
Agarose gel electrophoresis was used to verify the success of the anti-GFP nanobody-Qdot 
conjugation (Figure 26). The unconjugated Qdots ran towards the anode (positively charged 
electrode) at a faster rate due to their small size and negative charge, whereas the anti-GFP 
nanobody-Qdot conjugate ran slightly slower due to an increased size. However, the shift 
between unconjugated Qdots and anti-GFP nanobody-Qdot conjugate was much smaller 
than anticipated and the anti-GFP nanobody-Qdot conjugate band was faint, so it was 
difficult to confirm the anti-GFP nanobody Qdot conjugation and this conjugate was 
therefore not used for immunocytochemistry.  
 
 
Figure 26. Anti-GFP nanobody-Qdot conjugation confirmation via agarose gel electrophoresis. 
Unconjugated red CdTe Qdots (A) migrated at a faster rate towards the anode than the anti-GFP 
nanobody-QD conjugate (B). Gel result is representative of 3 repeats (N=3).  
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Many challenges have been faced over the Qdots aggregating and their fluorescence 
becoming quenched during the conjugation process, which led to difficulty over visualising 
the Qdots in a gel. Too much activator (sulfo-NHS and EDC) caused aggregation and 
subsequently a loss in Qdot fluorescence, which was overcome by using lower controlled 
activator amounts. There was also a possibility that the loss in fluorescence when running a 
gel was due to the running buffer used (1xTAE), as running the gel for a longer length of time 
made the conjugate band less visible. The conjugation of an anti-GFP nanobody to Qdots, 
using this EDC-coupling approach was abandoned, and instead a commercial conjugation kit 
(S10452: Thermo Fisher scientific, UK), involving click chemistry was used. In this way, an 
anti-GFP primary antibody and an anti-β-tubulin antibody was successfully conjugated to 
Qdot 625 (3.2.3 Evaluation of Qdot-conjugated antibodies for immunofluorescent labelling).  
 
3.2.2.2 Microinjecting a fluorescent dye into cells 
 
Qdot-Abs are not membrane permeable and, therefore, are not suitable for live cell imaging, 
unless they can be microinjected into cells, so are unlikely to replace synthetic organic dyes 
conjugated to antibodies (119). Anti-GFP nanobody-Qdot conjugates were intended to be 
microinjected into live HeLa cells, so that the nucleus, where the proteins of interest are 
located, will be directly targeted. To validate the microinjection system, wild-type HeLa cells 
were manually microinjected with an inexpensive fluorescent glucose based dye FITC-
dextran (5 mg/mL), using a epifluorescence microscope at 20x magnification (Figure 27). 
Cells were imaged immediately after microinjection and FITC-dextran was homogeneously 
distributed throughout the cells. However, this was not easily reproducible, as often cells 
swelled and became damaged, as the cell membrane was harshly penetrated, resulting in 
leakage of FITC-dextran. When tried with Qdots, these aggregated at the tip of the 
microinjection needle. As result of these experiments, it was decided not to pursue the 
microinjection of anti-GFP nanobodies conjugated to Qdot 625. 
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Figure 27. HeLa cells microinjected with FITC-dextran. Wild-type HeLa cells (A) were injected at 45° 
with 5 mg/mL FITC-dextran (B). A composite of (A) and (B) is shown (C). Microinjection system was set 
at a hPc of 50 hPa, Pi of 300 hPa, and ti of 0.3 s. Scale = 100 μm.  
 
3.2.3 Evaluation of Qdot-conjugated antibodies for immunofluorescent labelling 
 
Preface: 
The majority of the work involving the labelling of proteins with Qdot-Abs, was part of a peer-
reviewed publication: J.E. Francis, D. Mason, and R. Lévy. Evaluation of quantum dot 
conjugated antibodies for immunofluorescent labelling of cellular targets. Beilstein Journal 
of Nanotechnology. 8: 1238-1249. (2017). Briefly, the use of Qdot-Abs, for the labelling of 
different protein targets, was investigated and it was found that whilst ECM proteins could 
be specifically targeted with Qdot-Abs, other intracellular targets could not be labelled. Steric 
constraints prevented access of Qdots to intricate intracellular complexes, as well as nuclear 
locations, even after extensive permeabilisation of cells. 
 
Specific contributions to this publication include: 
Text and figure 2 in “Labelling of extracellular antigens” section 
Text and figure 3 in “Labelling of cytosolic structures” section 
Text and figures 4&5 in “Labelling intracellular complexes” section 
Text of “Optimising sample preparation” section 
Text of “Size limiting access to the nucleus” section 
Text and figure 6 in “Labelling with alternative Qdot-Abs” section 
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Text and figure 7 in “Assessing nuclear accessibility of Qdots” section 
Text and figures in “Supporting Information” section 
Author contributions: 
Jennifer Elizabeth Francis 
 Designed the experiments (except Figure 7) 
 Did all of the laboratory work for the sections above 
 Performed all of the imaging experiments 
 Data analysis 
 Produced figures and graphs 
 Wrote the paper 
 Reviewed drafts of the paper 
 
David Mason 
 Came up with the initial experimental idea in Figure 7 
 Advised on data analysis (Manders coefficient) 
 Prepared schematic diagram (Figure 1) 
 Reviewed drafts of the paper 
 
Raphaël Lévy: 
 Advised on experiments 
 Reviewed drafts of the paper 
 
Manuscript: 
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3.3 Reversibly switching fluorescent proteins 
 
As discussed earlier, only extracellular structures can be specifically labelled with Qdots, 
which restricts their use in SOFI applications where intracellular proteins are the focus of the 
study. Although fluctuations of conventional fluorescent proteins, such as GFP, are not 
sufficient for SOFI-processing, an RFP (104), as well as several RSFPs have been used 
successfully in SOFI, such as Dronpa (105), Skylan-S (106), and Dreiklang (161). Skylan-S, a 
monomeric green mutant of mEos3.1, yields higher spatial resolution than Dronpa, because 
it is much more photostable and has a higher average fluorescence intensity (106). 
Compared to Qdots RSFPs are not so bright, but SOFI can still work on images of low SNR and 
where the signal emitted from fluorophores is weak (123). RSFPs are fluorescent proteins 
that can be continuously switched between a non-fluorescent and fluorescent state, multiple 
times, in response to specific wavelengths of light. Photoswitching is reversible, unlike 
photobleaching, where the fluorescence is switched "OFF" permanently (270). Since most 
RSFPs are spectrally similar, it is optically difficult to distinguish between two different 
coloured RSFPs, so they have to be imaged sequentially with appropriate lasers to get 
suitable photoswitching for SOFI (271). Although, simultaneous two-colour SOFI has been 
achieved with RSFPs without a two-camera setup in live cells, through spectral unmixing 
using information about their distinct blinking behaviour (272). A slow and fast blinking RSFPs 
can easily be spectrally distinguished, when imaged simultaneously (272). 
The main advantage of using RSFPs, as opposed to Qdots, is that they are genetically-
encoded in cells, so they can be imaged in real-time. Despite RSFPs being suitable for live cell 
imaging and widely available from Addgene, cloning a protein of interest into a fusion protein 
is time-consuming and overexpression or dimerisation may change the localisation or cause 
aggregation of the protein, respectively, which can introduce unwanted artefacts. In 
addition, SOFI assumes that the fluorophores are immobile, so any fast movement would 
result in motion blur artefacts in the SOFI image. Although, fixing at time points can recover 
lost dynamic information, this can cause a change in a RSFP’s characteristics (273).  
RSFP Skylan-S was tested for bSOFI-procesing.  MAP4-Skylan-S was continuously illuminated 
with 20% 365 nm LED (switches Skylan-S on) and 10% of a 30 mW 488 nm laser (switches Skylan-
S off). Images were bSOFI-processed up to 4th order in MATLAB (Figure 28). Skylan-S gave 
sufficient fluctuations for SOFI-processing with improved SNR in all SOFI images. The FWHM of 
the average wide-field image (1453 nm) decreased by 49% with 2nd order bSOFI (746 nm), 60% 
with 3rd order bSOFI (576 nm), and 73% with 4th order bSOFI (389 nm). However, there were 
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structures missing from the higher-order bSOFI images. When assessed with the NanoJ-SQUIRREL 
ImageJ plugin, image resolution and quality decreased (Figure 28), indicating that the processing 
narrowed structures (shrunk the FWHM), rather than improve resolution.  
 
Figure 28. bSOFI processed MAP4-Skylan-S using continuous illumination. MAP4-Skylan-S was 
continuously illuminated with 488 nm and 365 nm light. Images were bSOFI-processed up to 4th order 
in MATLAB to give average (A) and bSOFI (B-D) images. ROIs (E-H) were taken from images A-D and a 
line drawn through a structure of interest to determine the FWHM by fitting a line profile with a one-
component Gaussian curve (I). The FWHM of the average image (1453 nm) decreased by 49 % with 
2nd order bSOFI (746 nm), 60 % with 3rd order bSOFI (576 nm), and 73 % with 4th order bSOFI (389 
nm). Resolution-scaled error (RSE) maps (J-L) of F-H and Fourier ring correlation (FRC) maps of B-D 
were created using NanoJ-SQUIRREL ImageJ plugin. Red regions in the FRC maps are low-resolution 
(high FRC value), whereas those in blue are of high-resolution (low FRC value). High error regions 
(likely artefacts) are in blue-yellow (RSP<0.95) and low error regions (unlikely artefacts) in purple 
(RSP>0.95). Scale bar = 20 μm. 
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A different approach involved LifeAct-Skylan-S initially being switched “ON” by shining 365 
nm LED (20%) on the sample for a few seconds (up to 60 s), before being turned “OFF” 
completely  using continuous illumination with a 30 mW 488 nm laser (1%). In this way, there 
was a spontaneous recovery of fluorescence, with fluctuations present without the 365 nm 
excitation source. However, there was a gradual decline in fluorescence intensity, partly due 
to the switching “OFF” of the protein or photobleaching, which resulted in structures missing 
from the SOFI-processed image. Photobleaching can be accounted for, to some extent, by 
SOFI-processing sub-stacks. Here, the SOFI image may have formed as a result of 
photobleaching, which has been observed by other researchers (256, 274, 275). Visually, the 
resolution attainment of the SOFI-processed image, in comparison to the average image, was 
poor, perhaps due to insufficient switching of the RSFP. Rather than measuring the FWHM, 
resolution and quality of the SOFI-processed image was assessed using the NanoJ-SQUIRREL 
ImageJ plugin (Figure 29). Resolution was not as low as expected (FRC >250 nm) and the 
quality of the SOFI image was low (RSP < 0.95) as there were high-error regions highlighted 
(blue-yellow) in the RSE map, which were likely to be processing artefacts. 
 
 
Figure 29. Testing spontaneous recovery of LifeAct-Skylan-S for SOFI-processing. LifeAct-Skylan-S 
was initially illuminated with 365 nm LED (20%) to switch the protein “ON” for 60 s and then the 
protein was switched “OFF” with continuous illumination with a 30 mW 488 nm laser (1%) for 1,000 
frames. The wide-field images (A) were SOFI-processed up to 2nd order with bSOFI (B), implemented 
in MATLAB. ROIs from the average wide-field image (C) and bSOFI image (D) are shown, as well as a 
Fourier ring correlation (FRC) map (E) and resolution-scaled error (RSE) map (F). Red regions in the 
FRC maps are low-resolution (high FRC value), whereas those in blue are of high-resolution (low FRC 
value). High error regions (likely artefacts) are in blue-yellow (RSP<0.95) and low error regions 
(unlikely artefacts) in purple (RSP>0.95). Scale bar = 20 μm. 
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3.4 Synthetic organic dyes 
 
Despite Qdots and RSFPs being widely available to biologists, synthetic organic dyes and 
fluorescent proteins are still the most commonly used fluorescent probes in biological 
applications. One advantage of using synthetic organic dyes is that they are much smaller 
than Qdots, so they can label any structure of interest, unlike Qdots that are restricted to 
extracellular proteins. Synthetic organic dyes are also much brighter and more photostable 
than RSFPs (273). However, the use of synthetic organic dyes for SOFI still remains a 
challenge, because they do not fluctuate on a suitable timescale (276). However, fluctuations 
of synthetic organic dyes can be controlled by altering their photophysics with the 
introduction of an oxygen scavenger and reducing agent, such as the thiol cysteamine, to the 
imaging system (93, 109, 167, 275). The exact mechanism by which the photoswitching of 
synthetic organic dye molecules from a fluorescent state to the triplet state is greatly 
facilitated by the oxygen scavenger approach is unclear (277). However, it is known that the 
absence of oxygen prolongs the triplet state (276). Enzymes such as glucose oxidase and 
catalase can be used to reduce the local oxygen concentration by converting it into gluconic 
acids (270). In addition to using a freshly prepared oxygen scavenger, it has been reported 
that conventional synthetic organic dyes such as Alexa Fluor 647 and Cy5 can be switched 
reversibly between a fluorescent and non-fluorescent state using simultaneous laser 
irradiation with 647 nm red light and 514 nm green light (62,276). 
The duration of the switching is dependent on the intensity of the excitation wavelength, 
oxygen levels, and thiol concentration (62). If the rate of fluctuations from the fluorescent 
dye is too high, the thiol concentration and pH can be increased. Alternatively, if the 
fluctuations are too weak, the thiol concentration and pH can be decreased (278). Although, 
a combination of oxygen scavenger, thiol, and high irradiation works with fixed samples, it is 
toxic to live cells and the synthetic organic dyes are susceptible to photobleaching. To 
minimise the effect of photobleaching, a large stack of images can be recorded and then 
divided into smaller frame sub-stacks. Each sub-stack can be processed individually to give 
many noisy SOFI images and finally recombined to produce an averaged SOFI image, which 
is less noisy. In this way photobleaching within a set of images is minimised and will have a 
negligible effect on the SOFI-processing (90). An adaptation to the SOFI algorithm can be 
made to compensate for the lower SNR and photobleaching effect of synthetic organic dyes. 
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To test the use of synthetic organic dyes for SOFI, β-tubulin in fixed HeLa cells was labelled 
with the photoswitchable cyanine dye Alexa Fluor 647 (sample kindly provided by Carl Zeiss 
Microscopy GmbH, Jena, Germany) and incubated with a freshly prepared  oxygen scavenger 
buffer, consisting of 1M MEA (pH 9) and 10 nM NaOH, before imaging. The SMLM technique 
dSTORM was used on the Zeiss Elyra P.S.1 system (63x 1.4 NA), equipped with a high power 
642 nm laser. To achieve an optimal dSTORM image, 30,000 frames were acquired on an 
EMCCD camera sequentially, in laser wide-field mode, with an additional FOV lens (TIRF-
UHP), at 20 ms. To get single molecule blinking, sufficient for dSTORM-processing, the 
cropped image was illuminated with 100% of a 150 mW 642 nm laser (Long pass filter: 655 
nm) and 0.5% of a 50 mW 405 nm laser. The same raw image stack of β-tubulin-Alexa Fluor 
647 was post-processed separately with both dSTORM using ZEN software with a measured 
PSF and SOFI Localizer implemented in MATLAB (Figure 30), similar to reported in the 
literature (115). The sparse blinking of Alexa Fluor 647 dye molecules could be reconstructed 
to give SOFI and dSTORM images, however, there was missing structures in the SOFI image 
that were present in the dSTORM image. Despite this, SOFI works with any labelling density 
and less frames than dSTORM, so it can be used on datasets that do not meet the optimal 
conditions for dSTORM-processing. SOFI has been successfully combined with dSTORM to 
obtain additional information from high density labelled structures (115). 
 
 
Figure 30. SOFI-processed and dSTORM-processed β-tubulin-Alexa Fluor 647. β-tubulin-Alexa Fluor 
647 (fixed sample kindly supplied by Carl Zeiss Microscopy GmbH, Jena), was imaged (30,000 frames) 
using high 642 nm laser intensity and imaging buffer. The same image stack was post-processed with 
SOFI Localizer implemented in MATLAB as dSTORM in ZEN software. First frame from the stack (A), 
2nd order SOFI-processed image (B), and dSTORM-processed image(C) are shown. Scale bar = 10 μm.  
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3.5 Assessing available fluctuating probes for use in SOFI 
 
Conventional fluorescent probes are suitable for super-resolution techniques such as STED, 
SRRF, and SIM, but SOFI requires modified probes that can provide sufficient fluctuations 
during image acquisition. Attainable spatial resolution of SOFI varies depending on the type 
of fluorescent probe used and the current emphasis is on using smaller fluorescent probes 
attached to nanobodies, rather than large antibodies (279). Recently, anti-GFP nanobody-
Qdot conjugates have been developed that have the ability to specifically label any structure 
of interest, genetically-encoded into cells (269). Since the hydrodynamic radii of Qdots 
themselves are large, it would advantageous to synthesise small Qdots, whilst still 
maintaining high blinking (280, 98). Choosing a suitable fluctuating probe is dependent on 
the biological application, for instance if live cell imaging is needed, for studying a protein’s 
dynamics, RSFPs are best, however, due to their increased fluorescence intensity, Qdots are 
preferred for fixed cell surface proteins and synthetic organic dyes for intracellular targets. 
Although, SOFI works at any labelling density, a sparse labelling can lead to discontinuous 
structures, whilst dynamic fluctuations are decreased when a high number of fluorophores 
label the structure of interest, producing artefacts (163). Since brightness affects image 
resolution, it is crucial that brighter probes are developed for SOFI, because a higher 
fluorescence intensity equates to a higher photon count reaching the detector, which results 
in a higher SNR image and an optimal SOFI image (163). Skylan-S has a higher average 
fluorescence intensity compared to both Dronpa and Tag-RFP, which means that, to date, it 
is the best RSFP for SOFI. However, to do dual-colour SOFI with RSFPs, a far-red version is 
highly sought after (163). In addition, since the spontaneous blinking of Qdots, in response 
to light irradiation, creates heterogeneities in brightness in SOFI images, fluorescent probes 
that have uniform or controlled blinking would be preferable for SOFI. Fluctuations required 
for SOFI is not restricted to changes in fluorescence intensity, using Qdots or RSFPs, as 
oscillations can also be achieved through other means, including rotation of plasmon metal 
nanoparticles (85, 90, 281). Despite several caveats with Qdot labelling, with regards to 
Qdot-Abs accessing only extracellular targets, Qdots are still the simplest approach to SOFI, 
and were therefore used throughout this thesis for testing different SOFI implementations 
and in the application of SOFI to different biological questions, involving ECM proteins. For 
nuclear targets, RSFPs (Skylan-S) and synthetic organic dyes (Alexa Fluor 647) were utilised 
in replacement of Qdot-Abs. 
 
 110 
 
Chapter 4: Testing different SOFI implementations 
 
4.1 Comparing available SOFI implementations 
 
Over the last decade, several super-resolution microscopy techniques have been developed, 
that have provided new insights into live biological systems, which would otherwise be 
unresolved with standard fluorescence microscopy. William E. Moerner, Eric Betzig, and 
Stefan Hell were awarded the Nobel Prize in Chemistry in 2014 for introducing the scientific 
community to super-resolution microscopy. Commercial super-resolution microscopes are 
expensive, and are therefore inaccessible to many biological researchers. In addition, 
although home-built super-resolution systems are more affordable and offer flexibility, they 
are not user friendly for biologists with limited expertise in optics, whose research would 
benefit the most from advanced imaging techniques. Additionally, super-resolution systems 
typically require specific fluorophores and high light exposures, which are incompatible for 
live cell imaging. As the demand for user friendly yet cheaper super-resolution techniques 
increased, alternative open-source post-processing options were developed; including SOFI. 
Although SOFI is a well-tested software, it is not yet widely used by biologists, perhaps 
because it does not have a graphical user interface (GUI) and requires some knowledge of a 
programming language. The performance of available implementations need to be explored 
and rigorously tested. In particular, two different SOFI implementations, Localizer and bSOFI, 
were compared on the same dataset. As well as investigating the effect acquisition settings 
has on the SOFI output, the accuracy of different implementations to reconstruct a SOFI 
image at higher-orders was also evaluated. Here, current SOFI implementations were 
compared against other super-resolution methods, such as SRRF and SIM, in terms of 
attainable resolution enhancement and image quality, using accessible quantitative 
approaches. Although a line profile was used as standard, to assess the resolution attainment 
of SOFI, other quantitative methods were tried, including FRC, jackknife re-sampling, and 
NanoJ-SQUIRREL.  
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4.1.1 SOFI Localizer and bSOFI 
 
Since its introduction to the microscopy community in 2009 (85), there have been several 
SOFI implementations described in the literature, including the open-source tools SOFI 
Localizer (89) and bSOFI toolbox (93). These implementations, freely available to biologists, 
were compared in terms of performance and ease of use. Localizer can simultaneously 
provide SOFI and STORM analysis, from the same dataset, whilst bSOFI can extract additional 
information about the emitter’s molecular brightness and blinking properties. Localizer can 
be run in both Igor-Pro and MATLAB, with the same SOFI-processed images attained, but for 
direct comparison with bSOFI, Localizer and bSOFI were both implemented in MATLAB for 
the following experiments. To compare SOFI Localizer and bSOFI, β-tubulin was labelled with 
Qdot 625 via indirect immunofluorescence with antibodies, and the same stack of 512-by-
512 pixel images was SOFI-processed with each implementation. Pixel saturation is 
problematic for SOFI-processing, as very bright non-fluctuating Qdots in the image can mask 
dimmer Qdots, so are either removed completely or saturated Qdots are turned into 
artefacts, which can be misinterpreted as real structures (282). All data was therefore 
acquired within an intensity range of 0-1 gray levels, where the Qdots would not be 
saturated. The two SOFI implementations result in distinctly different looking SOFI-
processed images. Both implementations performed well in reducing out-of-focus light and 
improving the SNR of the wide-field image, through the removal of uncorrelated signal, to 
enhance the contrast of β-tubulin (Figure 31).  
However, the output from SOFI Localizer at 1016-by-1016 pixels (an increase in the number 
of pixels), left a checkerboard effect when zooming in on the processed image. Averaging 
when downsizing the SOFI-processed image to 512-by-512 pixels, and then upscaling the 
image back to 1016-by-1016 pixels, removed this checkboard effect, through interpolating 
the pixels. However, downsizing the SOFI image would also remove the resolution 
enhancement from smoothing the virtual pixels, so this is not a correct way to resolve the 
issue. The checkerboard effect is documented elsewhere and has instead been corrected for 
using Fourier interpolation (94). Although, an EMCCD camera has a finite pixel size, a SOFI 
image can achieve a resolution smaller than this by creating virtual pixels in between the 
physical pixels, in a process known as cross correlation (XC-SOFI) (88). However, these virtual 
pixels differ in brightness from the original pixels, which causes a checkerboard effect in the 
up-scaled SOFI image, also referred to as being pixelated or having artefacts described as 
being grid-like (94). The virtual pixel weights differ from the original pixels in the SOFI images, 
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so a distance factor can be applied to correct for this via a process referred to as flatten 
cumulants (88). In addition, Fourier interpolation reduces the pixel size of the raw images in 
a stack, before they are SOFI-processed, by re-calculating the pixel values through Fourier 
transform to form a finer grid (interpolates the existing pixels), which enables SOFI images 
to be generated that contain the same number of pixels, of the same size, as the average 
wide-field image (94). In this way, the information, contained within the image, is 
unchanged. The checkerboard effect with SOFI Localizer, is therefore, due to the pixel size in 
the original dataset being larger than the pixel sizes of the SOFI-processed image.  
For resolution enhancement comparisons, the average wide-field image was always up-
scaled, without averaging, to match the number of pixels in the SOFI image. SOFI Localizer 
yields a raw SOFI image, whereas the bSOFI result represents the raw SOFI image, with extra 
linearisation and Lucy-Richardson deconvolution steps built into the algorithm. Although 
bSOFI appeared to give thinner structures than the SOFI Localizer implementation, there was 
an element of over processing, which made the images look artificial, due to the 
deconvolution. The quality of bSOFI-processed and SOFI Localizer-processed images were 
therefore assessed using the NanoJ-SQUIRREL ImageJ plugin (Figure 31). Although the RSP 
value for the SOFI Localizer image was higher than the bSOFI image, there were more high 
error regions (potential artefacts) in the RSE map for the SOFI Localizer image compared to 
the bSOFI image. As a result, the mean resolution of the bSOFI image was estimated, using 
FRC, to be 241 nm, which is below the diffraction limit of light. The acquisition settings 
required to optimise the SOFI-processing, such as the number of frames, were explored using 
the SOFI Localizer and bSOFI implementations in MATLAB.  
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Figure 31. Comparison of available SOFI-processing implementations. β-tubulin was labelled with 
Qdot 625 via indirect immunofluorescence with antibodies and imaged on an epifluorescence 
microscope (63x 1.4 NA with 2.5x magnifying lens) at 33 ms. A 1,000 frame stack of wide-field images 
(A) was SOFI-processed with Localizer (B) and bSOFI (C). Corresponding ROIs are also shown for the 
average wide-field (D), SOFI Localizer (E), and bSOFI (F) images. ImageJ plugin NanoJ-SQUIRREL was 
used to determine the resolution and quality of β-tubulin-Qdot 625 SOFI images. FRC map (G) was 
created for the bSOFI image (C) with a mean resolution of 241 nm. RSE maps (H and I) for SOFI Localizer 
(E) and bSOFI (I) ROIs, respectively, were produced, with corresponding RSP values as an indicator of 
quality. Red regions in the FRC maps are low-resolution (high FRC value), whereas those in blue are of 
high-resolution (low FRC value). High error regions (likely artefacts) are in blue-yellow (RSP<0.95) and 
low error regions (unlikely artefacts) in purple (RSP>0.95). Scale bar = 20 μm. 
 
4.1.2 Maximum number of frames results in better SOFI images 
 
The number of frames required to gain optimal performance in terms of speed and accuracy 
of SOFI Localizer and bSOFI to create an accurate SOFI image was compared by varying the 
number of input frames before processing. SOFI requires considerably fewer frames to 
create a super-resolution image compared to dSTORM. Therefore, 1,000 frames was 
acquired for highly labelled fibronectin-Qdot 625, in fixed keloid cells, on an epifluorescence 
microscope (63x 1.4 NA plus 2.5x magnifying lens).  The dataset was reduced using the Stack 
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Sorter option in ImageJ to create a further 3 sub-stacks consisting of 50, 100, and 500 frames. 
Each dataset was processed with SOFI Localizer (Figure 32) and bSOFI (Figure 33). Both SOFI 
Localizer and bSOFI generated a SOFI-processed image with as little as 50 input frames, but 
at the cost of losing some structural information. For SOFI-processing, 500-1,000 frames are 
required in order to capture enough details, from the blinking Qdots being in the “ON” state, 
to construct the entire structure. Despite bSOFI yielding much more striking SOFI images 
than SOFI Localizer, with a high number of frames (1,000), these images also had extra 
details, which were difficult to relate back to the average wide-field image. ROI J in Figures 
32 and 33 shows a loop-like structure where, with SOFI Localizer it divides the structure into 
two, which is also somewhat visible in the blurred average wide-field ROI I; with bSOFI, this 
loop is a thinner single structure. Differences between fibronectin-Qdot 625 processed with 
SOFI Localizer and bSOFI, may be due to the extra Lucy-Richardson deconvolution step 
included in the bSOFI implementation. The quality and resolution of the 1,000 frame bSOFI 
and SOFI Localizer images was assessed using the NanoJ-SQUIRREL ImageJ plugin. Using 
1,000 frames, both the bSOFI and SOFI Localizer images showed high error regions in the RSE 
map, even though bSOFI gave a better RSP value. Although the SOFI Localizer image gave a 
lower mean FRC value (168 nm), indicating better resolution compared to the bSOFI image 
(221 nm), the FRC map for the SOFI Localizer image is distorted, possibly due to the pixelated 
effect. Here a maximum of 1,000 frames was taken, it would have been interesting to process 
an extreme number of frames in excess of 10,000, as this should theoretically give a SOFI 
image with better SNR and resolution improvement. However, to improve the temporal 
resolution and spatial resolution of SOFI in higher-dimensional experiments, it is 
advantageous to use fewer frames and smaller pixel sizes, respectively. As an effective pixel 
size of 150-170 nm is needed for higher-order SOFI (88, 111), here a pixel size of 
approximately 100 nm was used (16 μm physical pixel size on the camera and 63 x 1.4 NA 
plus 2.5x magnifying lens), although others have reduced the pixel size to as small as 50 nm 
using  highly blinking Qdots (98). To obtain a higher resolution improvement, even smaller 
pixel sizes can be achieved using a sCMOS camera as opposed to an EMCCD camera used 
here (26). By decreasing the FOV the acquisition and processing was also faster (32). Others 
have reported SOFI images using as little as 300 frames (283), with a small pixel size of 65 nm 
(111); but these were dependent on the choice of fluorescent probe and labelling density. It 
has been shown that when few frames are used to reconstruct a high labelling density SOFI 
image, there are many discontinuities and artefacts present in the resulting image (111). 
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However, it is often difficult to control the labelling density of Qdot-Abs, due to their 
tendency to aggregate.  
 
 
Figure 32. Different number of frames processed with SOFI Localizer. Fibronectin was labelled with 
Qdot 625 in fixed keloid cells via indirect immunofluorescence with antibodies and imaged on an 
epifluorescence microscope (63x 1.4 NA with 2.5x magnifying lens) at 100 ms (10 fps). The number of 
frames used in 2nd order SOFI-processing with Localizer in MATLAB was varied by 50 (A), 100 (B), 500 
(C), and 1,000 (D) images. Corresponding ROIs are shown (E-H). An average wide-field image (I) and 
best 2nd order SOFI (1,000 frames) (J) image were compared. More details are present in the SOFI 
image that used 1,000 frames than in the SOFI image that used only 50 frames. ImageJ plugin NanoJ-
SQUIRREL was therefore applied to the 2nd order SOFI image obtained using 1,000 frames to 
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determine image resolution and quality. A FRC map (K) for the 2nd order SOFI image (D) with a mean 
resolution of 168 nm and an RSE map (L) for ROI image H were produced. Red regions in the FRC maps 
are low-resolution (high FRC value), whereas those in blue are of high-resolution (low FRC value). High 
error regions (likely artefacts) are in blue-yellow (RSP<0.95) and low error regions (unlikely artefacts) 
in purple (RSP>0.95). Scale bar = 10 μm. 
 
 
Figure 33. Different number of frames processed with bSOFI. Fibronectin was labelled with Qdot 625 
in fixed keloid cells via indirect immunofluorescence with antibodies and imaged on an 
epifluorescence microscope (63x 1.4 NA with 2.5x magnifying lens) 100 ms (10 fps). The number of 
frames used in 2nd order bSOFI-processing in MATLAB was varied by 50 (A), 100 (B), 500 (C), and 1,000 
(D) images. Corresponding ROIs are shown (E-H). An average wide-field image (I) and best 2nd order 
bSOFI (1,000 frames) (J) image were compared. More details are present in the bSOFI image that used 
1,000 frames than in the bSOFI image that used only 50 frames. ImageJ plugin NanoJ-SQUIRREL was 
therefore applied to the 2nd order bSOFI image obtained using 1,000 frames to determine image 
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resolution and quality. A FRC map (K) for the 2nd order SOFI image (D) with a mean resolution of 221 
nm and an RSE map (L) for ROI image H were produced. Red regions in the FRC maps are low-resolution 
(high FRC value), whereas those in blue are of high-resolution (low FRC value). High error regions 
(likely artefacts) are in blue-yellow (RSP<0.95) and low error regions (unlikely artefacts) in purple 
(RSP>0.95). Scale bar = 10 μm.  
 
4.1.3 Long exposure times yield the best attainable SOFI images 
 
The goal in super-resolution microscopy is to achieve a high-resolution image at a fast frame 
rate. After establishing that a higher number of frames yields a better SOFI image, the 
optimal exposure time was also investigated by acquiring 1,000 images of tubulin-Qdot 625 
in fixed HeLa cells on an epifluorescence microscope (100x 1.4 NA plus 2.5x magnifying lens) 
at different exposure times: 5 ms (200 fps), 10ms (100 fps), 30 ms (33 fps), 50 ms (20 fps), 
and 100 ms (10 fps), with minimal transfer time onto the EMCCD camera (zero time interval). 
Datasets of varied exposure time were SOFI-processed with Localizer (Figure 34) and bSOFI 
(Figure 35). For both implementations, higher exposure times of 50-100 ms gave the best 
visually displayed SOFI image, with an enhanced SNR. A satisfactory SOFI image was not 
formed at low exposure times (<30 ms) with Localizer or bSOFI, but this is due to using a full 
FOV dataset. To quantify these observations, the quality and resolution of the SOFI Localizer 
and bSOFI images were estimated using the NanoJ-SQUIRREL ImageJ plugin. Both the SOFI 
Localizer and bSOFI images yielded high error regions in the RSE maps at all of the exposure 
times tried, but the resolution was improved at longer exposure times, giving lower mean 
FRC values. SOFI has the ability to achieve fast frame rates (200 fps) by cropping the ROI, but 
this is at the expense of losing information. Speed of acquisition is a trade-off with image 
quality and resolution improvement. SOFI images cannot be sufficiently reconstructed with 
data acquired using fast frame rates, because they do not allow the capture of as many 
fluorophores, which can lead to discontinuities along the structure of interest. However, on 
the other hand, long acquisition times can result in more artefacts, as a result of sample or 
label movement (26). Therefore, shorter exposure times are mostly preferable for live cell 
SOFI when movement can cause motion blur or in fixed cells when drift occurs.  Since Qdots 
blink on all timescales and their blinking rate is non-uniform, longer exposure times are 
required to capture more fluctuations that can be correlated over time. High blinking Qdots 
have been developed for SOFI, to enable shorter exposure times for doing super-resolution 
in real-time, by synthesising Qdots with a thinner shell (98). Other fluorescent probes, with 
different blinking properties, may also be able to yield SOFI images with faster acquisition 
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times (85). Through simulations, split artefacts have been observed by others, where 100 fps 
typically gives improved continuity compared to 33 fps (26). Here, a reasonable frame rate 
of 33 fps was achieved with both SOFI Localizer and bSOFI, using 1,000 frames, to yield a 
satisfactory SOFI image with minimal discontinuities. However, frame rates in the order of 
69 fps have been achieved previously, but using 5,000 frames (93).  
 
 
Figure 34. Different exposure times processed with SOFI Localizer. β-tubulin was labelled with Qdot 
625 via indirect immunofluorescence with antibodies and imaged on an epifluorescence microscope 
(100x 1.4 NA plus 2.5x magnifying lens). A 1,000 frame stack of wide-field images was acquired at 
different exposure times from 5 ms to 100 ms (A-E) and SOFI-processed to 2nd order with Localizer 
implemented in MATLAB (F-J). Corresponding ROIs are shown for 2nd order SOFI images (K-O). ImageJ 
plugin NanoJ-SQUIRREL was used to assess the resolution and quality of the SOFI-processed images. 
RSE maps (P-T) and FRC maps (U-Y) were produced showing RSP and mean FRC values, respectively. 
Red regions in the FRC maps are low-resolution (high FRC value), whereas those in blue are of high-
resolution (low FRC value). High error regions (likely artefacts) are in blue-yellow (RSP<0.95) and low 
error regions (unlikely artefacts) in purple (RSP>0.95). N=1 cell. Scale bars = 10 μm. 
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Figure 35. Different exposure times processed with bSOFI. β-tubulin was labelled with Qdot 625 via 
indirect immunofluorescence with antibodies and imaged on an epifluorescence microscope (100x 1.4 
NA plus 2.5x magnifying lens). A 1,000 frame stack of wide-field images was acquired at different 
exposure times from 5 ms to 100 ms (A-E) and SOFI-processed to 2nd order with bSOFI implemented 
in MATLAB (F-J). Corresponding ROIs are shown for 2nd order bSOFI images (K-O). ImageJ plugin 
NanoJ-SQUIRREL was used to assess the resolution and quality of the bSOFI-processed images. RSE 
maps (P-T) and FRC maps (U-Y) were produced showing RSP and mean FRC values, respectively. Red 
regions in the FRC maps are low-resolution (high FRC value), whereas those in blue are of high-
resolution (low FRC value). High error regions (likely artefacts) are in blue-yellow (RSP<0.95) and low 
error regions (unlikely artefacts) in purple (RSP>0.95).  N=1 cell. Scale bars = 10 μm. 
 
4.1.4 Large dynamic range with higher-order SOFI  
 
To demonstrate that SOFI-processing can also enhance the resolution of biological 
structures, other than tubulin, analysis was extended to other proteins. As well as 
investigating the optimal acquisition settings required to achieve the best SOFI image, the 
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number of cumulant orders, obtained by processing images with Localizer and bSOFI, was 
also compared. Actinin four (ACTN4), an actin binding protein, was labelled with Qdot 625 
via indirect immunofluorescence using antibodies and 500 frames were acquired on an 
epifluorescence microscope at 10 fps (63x 1.4 NA plus 2.5x magnifying lens). The 500 frame 
dataset was processed up to 4th order SOFI using Localizer and bSOFI. The NanoJ-SQUIRREL 
ImageJ plugin was used to assess the resolution and quality of the SOFI-processed images. 
At higher-orders, the resolution was lower (higher FRC values), as a result of the presence of 
artefacts in the images. The quality of both the SOFI Localizer and bSOFI images also 
decreased (more high error regions in the RSE maps). As predicted, visually, higher-order 
SOFI images, produced using the SOFI Localizer implementation, did not yield satisfactory 
SOFI images, compared to bSOFI (Figure 36), because of the large differences in brightness 
within the SOFI Localizer images (85). This large dynamic range is due to molecular brightness 
increasing exponentially according to the higher nth order cumulant used (280). It is 
important to display the result of SOFI-processing, but this can be challenging for higher-
order SOFI-processed images, because they are not constraint to any particular bit-depth. 
For 2nd order SOFI images, produced using Localizer, normalising to a 16-bit range worked 
well, but with the higher-orders, the dynamic range of the SOFI-processed image is huge: of 
up to 18 orders of magnitude.  A workaround, was to re-scale the higher order SOFI-
processed images by taking roots of the pixel values. For instance, the cube root and 4th root 
of the pixels values in a 3rd order and 4th order SOFI image, respectively, were taken and 
displayed. This large dynamic range issue did not apply to the bSOFI images, because this 
implementation includes a linearisation step, to rectify for differences in emitter brightness 
(93). Despite bSOFI yielding more appealing higher-order SOFI images, with more details 
present than with SOFI Localizer, these structures seem artificial. Since the bSOFI 
implementation was introduced, local dynamic range compression SOFI (Idrc-SOFI) has been 
developed, which claims to reduce the presence of undesirable artefacts by calibrating 
higher-order SOFI images against the brightness of the 2nd order image (92). Visually, there 
appears to be some resolution improvement, but the image quality may have been degraded 
by using only 500 frames, typically more frames are needed to improve the appearance of 
higher-order SOFI images. For future experiments, quantification will be done on the original 
SOFI images, but for display purposes, higher-order SOFI Localizer processed images (n > 2nd 
order), the nth root of the real pixel values will be displayed instead. 
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Figure 36. ACTN4-Qdot 625 SOFI-processed with higher-orders. ACTN4 was labelled with Qdot 625 
by indirect immunofluorescence with antibodies and imaged on an epifluorescence microscope (63x 
1.4 NA plus 2.5x magnifying lens) at 10 fps (100 ms exposure time). A 500 frame stack was SOFI-
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processed with both SOFI Localizer and bSOFI implemented in MATLAB, to give an average wide-field 
image (A & I) and SOFI-processed images from 2nd order-4th order (B-D & J-L). Corresponding ROIs 
are shown (E-H & M-P). To adequately display 3rd and 4th order SOFI images, processed with Localizer, 
a cube root and 4th root was applied to the images, respectively. Artefacts appear at higher-orders 
(H), as more frames are needed. ImageJ plugin NanoJ-SQUIRREL was used to assess image resolution 
and quality of Localizer and bSOFI. RSE maps (a-c and g-i) for SOFI ROIs (F-H and N-P) and FRC maps 
(d-f and j-l) for SOFI images (B-D and J-L) were produced. RSP and mean FRC values are shown. Red 
regions in the FRC maps are low-resolution (high FRC value), whereas those in blue are of high-
resolution (low FRC value). High error regions (likely artefacts) are in blue-yellow (RSP<0.95) and low 
error regions (unlikely artefacts) in purple (RSP>0.95). N=1 cell. Scale bar = 10 μm. 
 
4.1.5 Dual-colour SOFI image with SOFI Localizer and bSOFI 
 
Although, a one channel SOFI-processed image already reveals structural details, which 
would otherwise be unresolved with wide-field microscopy, additional information about 
protein-protein interactions could also be obtained by labelling multiple proteins in the same 
image. Significant co-localisation information is masked with conventional wide-field 
microscopy, which is why super-resolution microscopy is needed to resolve the spatial 
relationship between proteins of interest (112). Conventional wide-field microscopy can 
create false positive co-localisation in the sense that two proteins may initially appear to 
overlap, until they are resolved to be completely separated with super-resolution 
microscopy. However, co-localisation studies using super-resolution microscopy is 
challenging, because of the complex photoswitching required for the acquisition of different 
coloured fluorophores in techniques such as dSTORM. Here, a two-colour SOFI image has 
been achieved by labelling ACTN4 with red Qdot 625 and β-tubulin with green Qdot 525 via 
indirect immunofluorescence with primary and secondary antibodies. A 1,000 frame stack of 
ACTN4-Qdot 625 and β-tubulin-Qdot 525 was sequentially acquired on an epifluorescence 
microscope (100x 1.4 NA plus a 2.5x magnifying lens) at 10 fps and post-processed 
independently with SOFI Localizer and bSOFI (Figure 37). The JACoP ImageJ plugin (248) was 
used to perform quantitative co-localisation analysis on ACTN4-Qdot 625 and β-tubulin-Qdot 
525 (Table 8). Co-localisation analysis of a dual-colour SOFI image has been achieved 
previously, through calculating Pearson’s correlation, which describes the linear relationship 
between images and Manders coefficients that measures the fraction of overlap between a 
pixel in one colour channel and a pixel in a different colour channel (112). Here, a Pearson’s 
correlation coefficient value of 0.399 was obtained for the average wide-field image, which 
was higher than 0.074 and 0.095 for the SOFI Localizer and bSOFI images, respectively. This 
decrease in Pearson’s correlation coefficient (values closer to 0 rather than 1) may be as a 
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result of the much improved spatial resolution between ACTN4 and β-tubulin in the SOFI 
images. Additionally, the Manders coefficient value of 0.67 for the average wide-field image, 
was also much higher than 0.272 and 0.192 for Localizer SOFI and bSOFI, respectively. The 
Pearson’s correlation and Manders coefficient values in both the average wide-field and 
SOFI-processed images was low, possibly denoting negligible co-localisation between ACTN4 
and β-tubulin. However, the low Pearson’s coefficient values for the SOFI-processed images 
may be incorrect, because some Qdots may have been removed in both the green and red 
imaging channels during the SOFI-processing (refer to section 3.2.1 Quantum dot 
characterisation), so this will skew the co-localisation. Since Pearson’s correlation and 
Manders coefficients are sensitive to noise in the image, SOFI-processing may, in some cases, 
increase the Pearson’s correlation coefficient in super-resolved images, due to its increased 
SNR, if two proteins do co-localise (112).  
 
 
Figure 37. Two-colour SOFI-processing with different implementations. ACTN4 was labelled red with 
Qdot 625 (A) and β-tubulin labelled green with Qdot 525 (B) using indirect immunofluorescence. A 
1,000 frame stack of consecutive wide-field images was taken on an epifluorescence microscope (100x 
1.4 NA plus a 2.5x magnifying lens) at 10 fps (100 ms exposure time) to create an average composite 
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image (C). Second order SOFI-processing with Localizer (D&E) and bSOFI (G&H), implemented in 
MATLAB, were used to create two-colour SOFI images F and I, respectively. Scale bar = 10 μm.  
 
 
Average 
wide-field 
SOFI 
Localizer 
bSOFI 
Pearson’s Coefficient 0.399 0.074 0.095 
Manders Coefficient 
(Fraction of β-tubulin-Qdot 525 
overlapping ACTN4-Qdot 625) 
 
0.67 
 
0.272 
 
0.192 
 
Table 8. Co-localisation between two-colour wide-field and SOFI-processed images. Co-localisation 
between ACTN4-Qdot 625 and β-tubulin-Qdot 625 in two-colour wide-field and SOFI-processed 
images was analysed quantitatively using the JACoP plugin in ImageJ. Higher Pearson’s and Manders 
coefficients were obtained for wide-field than SOFI.  
 
4.2 Assessing image quality and resolution of SOFI images 
  
Assessing the quality of super-resolution images by eye is prone to human bias, which is why 
quantitative tools are needed. So far the resolution enhancement of SOFI-processed images 
was determined by measuring the FWHM of the structures of interest, by drawing a line 
profile through a single emitter in ImageJ. Although, a decrease in FWHM may indicate 
resolution enhancement of a SOFI-processed image, these measured structures may in fact 
be artefacts from over-processing, creating artificial narrowing of structures. Despite fitting 
intensity line profiles with a Gaussian function and calculating FWHM (width of the PSF) 
being a good estimation of image resolution for conventional microscopy (beads are 
considered point sources, being smaller than the FWHM of the PSF), FWHM is inaccurate for 
super-resolution microscopy as the FWHM of the PSF of the optical system is often smaller 
than the object being imaged, so this is a flawed representation of image resolution, but 
instead can be interpreted as the size of a feature in the image (284). Resolution is also often 
overestimated using the FWHM metric, because of human bias in selecting the narrowest 
structure in the image (285). Ways to quantitatively assess the quality of SIM images have 
existed for a couple of years (58), including the open-source ImageJ plugin SIMcheck (59). To 
date, few have addressed quantitative ways to assess the quality of SOFI-processed images, 
but those that do exist are discussed here. 
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4.2.1 Using FWHM as a measure of resolution for SOFI images 
 
The most common way to estimate the degree of resolution enhancement in SOFI-processed 
images is by drawing line profiles through structures of interest and measuring their FWHM. 
Considering almost all SOFI publications demonstrated resolution enhancement using 
microtubules (85, 93, 111, 97), it was appropriate to include β-tubulin as a known standard 
when comparing the output from Localizer and bSOFI. For SOFI-processing, β-tubulin was 
labelled with Qdot 625 by indirect immunofluorescence with antibodies and Qdot 
fluctuations captured over 1,000 frames on an epifluorescence microscope (100x 1.4NA), at 
100 fps, with the addition of different magnifying lenses: 0 (under-sampled), 1.6x (meets 
Nyquist sampling), and 2.5x (over-sampled). The theoretical resolution (R=0.61λ/NA) was 
calculated for β-tubulin labelled with Qdot 625 and imaged on an epifluorescence 
microscope (100x 1.4NA) to be 272 nm. It was decided to use the oversampled experimental 
dataset (100x 1.4NA plus 2.5x magnifying lens) to measure the resolution improvement 
achieved with both the SOFI Localizer and bSOFI. A ROI from the 2.5x magnifying lens images 
was taken for the average wide-field, Localizer SOFI, and bSOFI images. To determine 
resolution enhancement in the SOFI-processed images, a line profile was drawn through a 
single point emitter (Qdot 625), in the average wide-field, SOFI Localizer, and bSOFI images, 
and normalised intensity profiles plotted for each image. A one-component Gaussian was 
fitted to the intensity profiles in MATLAB and the standard deviation (σ) of the data was used 
to calculate the FWHM = 2√2𝑙𝑛2 ∗σ ≈ 2.355*σ (7). It is apparent from the intensity profiles 
that SOFI-processing has resulted in better resolution, as the width of the Gaussian profile 
(FWHM) decreased as the point emitter was resolved with SOFI (Figure 38). The FWHM in 
the average wide-field image (FWHM = 293 nm) reduced by 23% with SOFI Localizer (FWHM 
= 227 nm), and 28% with bSOFI (FWHM = 212 nm). The discrepancy between the 
experimental resolution for the wide-field image (FWHM of 293 nm) and theoretical 
resolution (Airy disk diameter of 272 nm), is due to noise in the experimental setup (112). 
Since the resolution limit of an optical wide-field microscope is approximately 250 nm, it was 
expected that the FWHM of SOFI-processed images would be lower than this value. 
Although, the FWHM of the SOFI-processed images was lower than the average wide-field 
image, both were still much greater than 250 nm. Single microtubules, predicted to be 
around 22 nm in diameter (93), are not resolved here with SOFI, but this is not surprising, as 
these bundles of fibres were labelled with bulky Qdot-Abs, which are physically larger than 
22 nm (150). When a Qdot-Ab is imaged only the Qdot will fluoresce, so its FWHM will remain 
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small, because a single Qdot is the physical size of an emitter.  However, the overall size of a 
Qdot-Ab is large, because a Qdot needs to be coated with ligands prior to antibody 
conjugation, so due to steric hindrance, the Qdot-Ab will be further away from the target 
structure than smaller Alexa Fluor dye-Ab conjugates that do not need additional layers to 
be water soluble. Despite the relatively poor resolution enhancement, due to uncorrelated 
signals being excluded from the images during SOFI-processing, the out-of-focus light in both 
the Localizer and bSOFI images was removed, which resulted in an increased SNR and single 
Qdots being more evident than in the average wide-field images. However, the dot-like 
nature of sparse Qdots, discontinuously labelling β-tubulin, made it visually challenging to 
detect resolution by eye. Although, high labelling density can alleviate the issue of 
discontinuous structures, this approach can lead to artefacts, because some overlapping 
Qdots may, by chance, blink simultaneously or have long “ON” times, so an excessive number 
of frames is required (111).  Discontinuous labelling of structures with Qdots has also been 
restored recently, by combining together multiple SOFI images, where the same structure 
has been simultaneously labelled with different coloured Qdots and spectrally separated 
(111).  
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Figure 38. Determining the resolution of SOFI images using line profiles. β-tubulin was labelled with 
Qdot 625 using indirect immunofluorescence and fluctuations captured on an epifluorescence 
microscope (100x 1.4NA) at 100 fps (10 ms exposure time) with different magnifying lenses: 0 (A), 1.6x 
(B), and 2.5x (C). A 1,000 frame stack was SOFI-processed with Localizer (D-F) and bSOFI (G-I). An ROI 
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from the 2.5x magnifying images (C-I) was taken for the wide-field (J), Localizer SOFI (K), and bSOFI (L) 
images. To determine resolution enhancement in the SOFI-processed images, a line profile was drawn 
through a single point emitter (Qdot 625), in the wide-field, SOFI Localizer, and bSOFI images (J-L), and 
normalised intensity profiles plotted (M). The width of the Gaussian profile (FWHM) decreased as the 
point emitter was resolved with SOFI. Resolution improved in the wide-field images (FWHM = 293 nm) 
by 23% with SOFI Localizer (FWHM = 227 nm), and 28% with bSOFI (FWHM = 212 nm). Scale bar = 10 
μm.   
 
To check the performance of the SOFI Localizer implementation at resolving high-density 
labelled β-tubulin fibres, β-tubulin was labelled with Qdots-Abs, but at a higher density. 
Images were taken over 1,000 frames at 10 fps, for SOFI-processing. Two β-tubulin fibres 
were unresolved in the average wide-field image, but were resolved in the SOFI-processed 
image (Figure 39). A line profile, drawn through the two β-tubulin fibres, gave a single peak 
for the average wide-field image, but for the SOFI-processed image, there was two peaks. 
The FWHM of the average wide-field was also measured, by drawing a line profile through a 
single Qdot. The width of the Gaussian peak for a single Qdot 625 was narrower for the 2nd 
order SOFI image than the average wide-field image. For the average wide-field image, the 
FWHM was calculated as 315 nm and the FWHM of the 2nd order SOFI-processed image was 
238 nm (24 % FWHM decrease). As discussed earlier (section 4.2 Assessing image quality and 
resolution of SOFI images), using FWHM as a measure of resolution in an image (Figure 39J) 
is flawed, because SOFI-processing can cause artificial narrowing of structures. A better 
indication of resolution enhancement in a SOFI image is to identify two unresolved structures 
become separated (Figure 39I), as outlined by Rayleigh. Other publications have reported a 
√n (where n is the number of SOFI orders) resolution enhancement for SOFI-processed 
images (85), so for a 2nd order SOFI-processed image, a √2 (factor of 1.41) resolution 
improvement was expected. Compared to published literature, here, the resolution of a 2nd 
order SOFI Localizer processed image improved by a factor of 1.32 (~√2), which is comparable 
to a previous finding (85). However, further adaptations to SOFI implementations, have 
resulted in a two-fold resolution enhancement for a 2nd order SOFI-processed image (88). 
Here β-tubulin was measured to be 238 nm in the SOFI-processed image, but it has been 
reported to be as small as 169 nm when SOFI-processed by others (109). Differences in lateral 
sampling frequency can affect the spatial resolution, as a pixel size of 64 nm was used here, 
but smaller pixel sizes of 50 nm have been achieved by others (98). The discrepancy between 
the size of β-tubulin, may be due to the use of large Qdot-Abs to label β-tubulin here, 
compared to smaller Alexa Fluor 647 being used in other published studies (109). Probe 
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choice for optimum SOFI resolution is important and therefore, the use of nanobodies would 
be the preferred option.  
 
 
 Figure 39. Resolution enhancement with SOFI Localizer. Wide-field images of β-tubulin (A-C), labelled 
with Qdots via indirect immunofluorescence, were imaged on an epifluorescence microscope (100x 
1.4NA) with the addition of different magnifying lenses (0, 1.6x, and 2.5x). Wide-field images (A-C) 
were SOFI-processed to 2nd order with Localizer (D-F) and ROIs taken (G&H).  A Line profile was drawn 
through a microtubule bundle of two β-tubulin fibres in ImageJ and normalised pixel intensities 
plotted for the average wide-field and SOFI-processed images (I). SOFI had resolved the two β-tubulin 
fibres, as shown by two peaks. A line profile was also drawn through a single Qdot in the images and 
a one-component Gaussian curve fitted to the plotted data. The width of the curve decreased for the 
2nd order SOFI-processed image. FWHM of the average wide-field is 315 nm and the FWHM of the 2nd 
order SOFI-processed image is 238 nm (24 % FWHM decrease). Scale bar = 20 μm.  
 
Labelling issues aside, it is hoped that by using higher than 2nd order SOFI will decrease the 
FWHM further, as with 5th order bSOFI, a width in the order of 78 nm has been reported for 
microtubules (93). To test the resolution of up to 4th order bSOFI here, collagen III was 
labelled with Qdot 625 and acquired images SOFI-processed with bSOFI implemented in 
 130 
 
MATLAB. As the nth order decreases the PSF by at least √n, higher-order cumulants are 
expected to yield SOFI images of much improved resolution, compared to 2nd order SOFI. 
However, these higher-order cumulants are at the expense of longer processing times, as 
the calculations are computationally more demanding (90). Here, a 1,000 frame stack of 
images was acquired on an epifluorescence microscope (63x 1.4NA plus 2.5x magnifying lens 
to satisfy Nyquist sampling), at 100 fps. A ROI was selected in the calibrated image and a line 
scan drawn through a collagen III-Qdot 625 fibre in ImageJ. Line profiles were plotted for the 
average wide-field, bSOFI 2nd order, bSOFI 3rd order, and bSOFI 4th order images. A one 
component Gaussian was fitted to the data in MATLAB and the FWHM calculated using the 
σ value of the fit.  For display purposes, smooth curves were achieved for the line profile 
comparisons through bilinear interpolation of the pixels in the images, but calculations were 
done on the raw data.  
Resolution improvement with bSOFI, compared to wide-field microscopy, was evident by the 
decrease in the width of the line profiles, as the bSOFI orders increased. The spatial 
resolution of collagen III-Qdot 625 in the wide-field images (FWHM = 405 nm) improved by 
8 % with 2nd order bSOFI (FWHM = 374 nm), 28 % with 3rd order bSOFI (292 nm), and 47 % 
with 4th order bSOFI (216 nm) (Figure 40). With increasing nth order, there appeared to be 
thinner structures and details present that were not visible in the average wide-field image. 
Despite the assumption that infinite higher orders can yield unlimited resolution, the images 
start to gain more artefacts, as the number of orders increase. Although, some out-of-focus 
light has been removed, there was also signal amplification of structures in the background, 
which appear to be severe artefacts of the processing algorithm. Collagen is an abundant 
protein, so the SOFI algorithm may be unable to discern between weak diffuse signal and 
uncorrelated signal in the collagen III sample, which is why more background details appear. 
The resolution improvement of collagen III-Qdot 625 for 2nd order bSOFI was much lower 
than previously achieved for β-tubulin-Qdot 625 (Figure 38), which may be due to the 
effective pixel size being smaller for the raw data of tubulin-Qdot 625 (~64 nm) than for 
collagen III-Qdot 625 (~100 nm). Resolution enhancement is also sample dependent and is 
determined by a number of factors, including the choice of probe. Overall, although the 
resolution improvement with Localizer was not much better than bSOFI, the increase in 
detail does appear to be greater with bSOFI compared to Localizer, which may be due to the 
fact that bSOFI includes a Lucy-Richardson deconvolution step as standard. For collagen III-
Qdot 625 up to 4th order SOFI-processing was easily attainable with bSOFI, but higher than 
2nd order SOFI could not be adequately displayed with Localizer. A total of 500-1,000 frames 
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was used here to achieve a reasonable SOFI-processed image, but many more images may 
be required to achieve an improved higher-order SOFI image, because the SNR decreases as 
the order increases (123). However, it must be taken into consideration that the 
computational time taken to SOFI process the stacks of images increases exponentially with 
bSOFI order.  
 
 
Figure 40. Collagen III-Qdot 625 resolved with higher-order bSOFI. Collagen III was labelled with Qdot 
625 by indirect immunofluorescence and fluctuations imaged over consecutive frames with an 
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epifluorescence microscope (63x 1.4NA plus a 2.5x magnifying lens) at 10 ms exposure time. Wide-
field images were SOFI-processed with bSOFI, implemented in MATLAB, at high orders. ROIs were 
selected in calibrated average wide-field (A) and bSOFI processed (C) images. Line scans were 
subsequently drawn through a collagen III-Qdot 625 fibre in the average wide-field (B), 2nd order bSOFI 
(D), 3rd order bSOFI (E), and 4th order bSOFI (F) ROI. Plotted line profiles (G) were fitted with a one 
component Gaussian function and FWHM values calculated, as a measure of resolution enhancement. 
Collagen III structures were more discerned at higher-bSOFI orders and the FWHM decreased as the 
bSOFI order increased. Scale bar = 10 μm. 
 
4.2.2 Computing spatial resolution of SOFI images using Fourier ring correlation 
 
Taking line scans through a structure of interest is subjective and prone to human bias. Due 
to the inhomogeneity of images, containing pixel intensity variance, the measured resolution 
differs depending on where the line is drawn, and can overestimate the resolution 
improvement, so other means to measure the resolution enhancement are highly sought 
after. Alternatively, FRC can be used to determine the spatial resolution of super-resolution 
images (81, 92, 285). Since the attainable resolution enhancement of most super-resolution 
techniques is demonstrated on filamentous structures, FRC was calculated here on 2D SOFI-
processed images of β-tubulin-Qdot 625. β-tubulin was labelled with red Qdot 625 in fixed 
HeLa cells, by indirect immunofluorescence, and imaged on an epifluorescence microscope 
(100x 1.4 NA plus 2.5x magnifying lens) at 10 ms. The spatial resolution of SOFI images was 
computed using FIRE, a BIOP ImageJ plugin, by splitting a wide-field dataset (1,000 frames) 
into two independent even and odd number sub-stacks (of 500 frames each), which were 
individually SOFI-processed to 2nd order with bSOFI and Localizer. To measure the spatial 
resolution of wide-field images, cross-correlation between structures in the first wide-field 
image and second consecutive wide-field image of a 1,000 frame stack were computed and 
compared. Images of the same FOV were Fourier transformed to the frequency domain and 
a resolution cut-off threshold frequency was set at a fixed value of 1/7 ≈ 0.143. Here, the FRC 
compared the similarity of spatial frequencies from two independently reconstructed 2D 
images, however, Fourier shell correlation (FSC) can be applied to 3D images (286). Spatial 
frequency (μm-1) versus normalised FRC plots were compared for the wide-field, bSOFI, and 
SOFI Localizer images. The FRC curve is noisy, which is why a LOESS curve fitting was applied 
to the FRC data and smooth FRC curves added to the plots. The spatial resolution value is the 
inverse of the spatial frequency value (1/spatial frequency), where the smoothed FRC curve 
first crosses the threshold cut-off value of 0.143. Using FRC as a measure of resolution 
enhancement, the spatial resolution of the wide-field image was 278 nm, whereas the 2nd 
order bSOFI and SOFI Localizer images were 163 nm and 160 nm, respectively (Figure 41). A 
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calculated FRC value of 278 nm seems appropriate, if the theoretical resolution of structures, 
labelled with a 625 nm fluorescent probe and imaged on an epifluorescence microscope 
(100x 1.4 NA plus 2.5x magnifying lens), is 272 nm. Both bSOFI and Localizer gave SOFI-
processed images of a similar spatial resolution, which was much lower than that of the wide-
field image. Despite, the improved resolution of 160 nm for the SOFI-processed image of β-
tubulin, this is still much higher than the estimated size of a microtubule being 22 nm in 
diameter (93), which is not surprising since in practice SOFI is not capable of reaching 22 nm 
resolution. The spatial resolution values quoted here are of a mean of the entire FOV of the 
image, however it is worth noting that when FRC was calculated for different ROIs, the spatial 
resolution differed. Due to spatial resolution of features being heterogeneous across an 
image, variations in labelling density, use of blinking Qdots, or drift, can all affect the FRC 
(81). Drift has been reported to yield a higher FRC value than drift corrected data (82). 
Compared to FWHM analysis, performed on the same raw dataset of β-tubulin-Qdot 625 
(Figure 38), the FRC metric estimation of resolution attainment for SOFI Localizer (160 nm) 
was lower than FWHM analysis (227 nm), perhaps due to the line being drawn through a 
large Qdot, overestimating the resolution. 
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Figure 41. Computing spatial resolution of wide-field and SOFI-processed images using FRC. β-
tubulin was labelled with Qdot 625 in fixed HeLa cells, by indirect immunofluorescence, and imaged 
 135 
 
on an epifluorescence microscope (100x 1.4 NA plus 2.5x magnifying lens) at 10 fps. Correlation 
between structures in the first wide-field image (A) and second consecutive wide-field image of a 
1,000 frame stack were computed, giving a spatial resolution of 278 nm (B). The wide-field stack of 
1,000 frames was split equally into odd and even number of frames, with each 500 frame sub-stack 
SOFI-processed to second order with bSOFI (C), giving a spatial resolution of 163 nm (D), and Localizer 
(E), giving a spatial resolution of 160 nm (F). A fixed threshold of 1/7 ≈ 0.143 was used as shown by 
the blue dotted line on the plots. Comparison of FRC curves (G) shows a shift to the right in SOFI-
processed images, of better resolution. Scale bar = 10 μm. 
 
4.2.3 SNR estimation using delete-1 jackknife re-sampling 
 
Whilst important, resolution improvement (determined for example using FRC) is not the 
only parameter to consider to evaluate post-processing super-resolution approaches. The 
quality of the images must also be considered as post-processing can generate artefacts. 
Initially, the quality of a SOFI image was assessed by comparing the same dataset post-
processed with SOFI against another super-resolution technique, such as STORM (123, 120, 
287). However, due to cost and lack of expertise, it is not always possible to access multiple 
super-resolution systems. Alternative computational approaches have therefore been 
developed, including an algorithm by the Dedecker laboratory (KU Leuven, Belgium), which 
estimates the SNR of a SOFI image, as an indicator of image quality. The SNR for each pixel 
in the image is estimated and the degree of variance, otherwise referred to as uncertainty, 
is calculated (123). SNR (measured here in decibels, dB) is defined as being the ratio between 
the signal of a SOFI pixel, S, and the variance associated with that SOFI signal, Var(S): 
𝑆
√𝑉𝑎𝑟(𝑆)
. 
A high SNR refers to signal containing useful information, such as fluctuations that can be 
correlated and contribute to the SOFI image (useful SOFI signal), whereas background signal, 
such as noise, does not contain fluctuations that can be correlated, and is therefore of low 
SNR. Instead of continuously repeating the SOFI measurement several times, to estimate the 
SNR uncertainty, which would differ each time, due to photobleaching or movement (123), 
a statistical approach, based on the previously reported delete-1 jackknife re-sampling was 
used (288).  
Delete-1 jackknife re-sampling implementation involves obtaining a stack of N fluorescent 
images and systematically deleting one unique frame at a time, to create a number of 
datasets, which vary by just one frame (N-1). These newly formed datasets are then post-
processed, yielding several different SOFI-processed images. The similarity of these SOFI 
images are compared by estimating the degree of variance in SNR between pixels in the SOFI 
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image (123). This SNR analysis is unbiased, because it does not estimate the accuracy, only 
the precision in the measurement, as experimental noise is not taken into consideration 
(123). The jackknife calculation is high-throughput, as it can be completed within minutes, 
since it is only run on randomly selected, non-background, pixels within a 5-by-5 pixel ROI in 
the SOFI image. Not only can jackknife re-sampling assess the quality of SOFI images, but it 
can also enhance the SNR of SOFI images by 40-90%, using fewer images. SNR in the SOFI 
images is dependent on the distance between pixels, for instance, the SNR becomes 
progressively lower as the distance between the pixels increases. Therefore, the quality of a 
SOFI image can be improved by using different combinations of virtual pixels, based on the 
highest weight assigned to those pixels to give the best SNR. A SOFI image, obtained in the 
Localizer implementation, uses the closest pixel combinations, because these pixels 
generally yield the highest SNR and therefore, are given a high weight, to indicate a better 
quality SOFI image.  According to this statistical re-sampling approach, SOFI images of high 
SNR, are considered to be good quality, whilst those of low SNR are considered to be of poor 
quality (123).  
This statistical re-sampling approach has been successfully used by others to assess the 
quality of SOFI-processed images, through estimating the SNR of each pixel (116, 289). Here, 
a prototype Evaluate SOFI tool, developed by Wim Vandenberg of the Dedecker laboratory 
(KU Leuven, Belgium), was implemented in Igor Pro 7.08.1 64-Bit (WaveMetrics) to assess 
the SNR of the same SOFI-processed image of sparsely labelled β-tubulin-Qdot 625 (100x 1.4 
NA plus a 2.5x magnifying lens) that was used previously for the FRC calculation (Figure 41). 
Spatial correlation is the similarity of signals between pixels (over space), so spatial de-
correlation is the reduction in cross-correlation of signals between pixels. Spatial de-
correlation was evaluated, for the 2nd order SOFI-processed image, where the amount of 
uncorrelated signal in relation to distance between pixels was plotted (Figure 42). A SOFI 
image formed using close pixel combinations (small pixel distance) yielded a high SOFI signal, 
whereas pixels that were further apart (bigger pixel distance), gave a negligble SOFI signal. A 
histogram of the number of pixels (counts) in the 2nd order SOFI-processed image was plotted 
against their estimated SNR, with the width of the histogram representing the signal in the 
SOFI image (Figure 43). The first peak, represents the background signal (low SNR) and the 
second peak is the 2nd order SOFI-processed signal (high SNR).  
 
 137 
 
 
Figure 42. Spatial de-correlation plot of the amount of uncorrelated signal. Spatial de-correlation 
was evaluated for the 2nd order SOFI image of β-tubulin-Qdot 625, where the amount of uncorrelated 
signal in relation to distance between pixels was plotted. A SOFI image formed using close pixel 
combinations (small pixel distance) yielded a high SOFI signal, whereas pixels that were further apart 
(bigger pixel distance), gave a negligible SOFI signal.  
 
 
Figure 43. Histogram of SNR in SOFI images. Number of pixels (counts) was plotted against the 
estimated SNR in the SOFI image, with the width of the histogram representing the signal in the SOFI 
image. The first peak is the background signal (low SNR) and the second peak is the SOFI signal (high 
SNR).  
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4.2.4 Using NanoJ-SQUIRREL to determine image quality and resolution  
 
An ImageJ plugin NanoJ-SQUIRREL has recently been developed as a tool to determine image 
quality and resolution enhancement of super-resolution images, including SRRF and SOFI 
(79). Similar to SOFI, SRRF does not require any sophisticated optics, as it can be performed 
on Nyquist or better sampled images acquired on any system, including wide-field (74), 
confocal (76), and TIRF (77), although the NanoJ-SRRF algorithm gives the best resolution 
with wide-field data (78), empirically TIRF-SRRF > confocal-SRRF > wide-field-SRRF from a 
SNR perspective. Multi-colour SRRF is not only achievable simultaneously, but also by 
sequentially acquiring different channels (290). SRRF can resolve living structures as small as 
150 nm, which is comparable to SIM, but without the expense of adding a grating to the 
optical system (74). However, resolution improvement with SRRF is only in xy and not z, 
although optical sectioning can be done, to extract information, by taking z-stacks (291). 
Overlapping fluorophores are problematic for dSTORM, which is why sparse labelling is 
preferred, through the acquisition of subsets of single fluorophores, however this is not an 
issue for SOFI and SRRF, because there is no need to localise single fluorophores (292). In 
retrospect, an advantage of SRRF over SOFI is that it can be performed in live cells with 
conventional fluorescent proteins, such as GFP, whereas SOFI requires photoswitching of 
fluorophores. From experience, the processing time for SOFI is less than that of SRRF, 
possibly due to the complexity of the radiality calculation in addition to temporal analysis, 
but NanoJ-SRRF and NanoJ-SQUIRREL utilise the computer’s GPU, which does help to reduce 
the computational time compared to using the CPU. 
 
4.2.4.1 Applying NanoJ-SQUIRREL to SOFI and NanoJ-SRRF data 
NanoJ-SRRF is freely available as an easy-to-use ImageJ plugin, making it very accessible to 
biologists. SRRF works on similar mathematical principles as SOFI, except it analyses the 
fluorescence intensity fluctuations over a number of consecutive images, radially as well as 
temporally, with analysis based on a radiality field (75). SRRF works on the assumption that 
the background of a microscope image has less local symmetry than the fluorophores that 
have been convolved with the PSF of the optical system (74). SRRF divides pixels in a 
conventional image into sub-pixels, with a non-binary value assigned through calculating 
probabilities of whether a fluorophore is present (289). For each sub-pixel in the image, a 
radiality measurement (the amount by which the intensity of a fluorescent molecule in one 
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sub-pixel converges towards a neighbouring sub-pixel, within a given circular radius) is 
calculated, to create an intermediate radiality stack, which is Fourier-transformed (74). The 
radiality measurement asks how symmetrical the fluorescent intensity is within a set circular 
ROI, around each sub-pixel, with the highest radiality being in the sub-pixel closest to the 
centre of a fluorescent molecule and the lowest being in the sub-pixel furthest away from 
the centre of a fluorescent molecule. Temporal analysis, similar to the calculation of higher-
order cumulants for SOFI, is then performed on the radial transform stack to yield a SRRF 
image. A SRRF image is essentially a probability map, so quantitative fluorescence intensity 
information cannot be extracted out of it, but this is an issue with all post-processing 
methods, including SOFI. Despite this, information about the quality of the image and its 
resolution can be determined using NanoJ-SQUIRREL. 
NanoJ-SQUIRREL requires the input of a super-resolution image and corresponding wide-
field image, referred to as a reference image, of the same sized FOV. An advantage of this 
analytical approach is that it does not require any additional information about the labelling 
density or fluorophore properties (79). A Resolution Scaling Function (RSF) is calculated to 
convolve the super-resolution image, so that the degree of similarity between the convolved 
super-resolution image and the wide-field image can be compared. Any pixel-wise variation 
between these images may indicate the presence of artefacts. Regions of dissimilarity are 
highlighted as errors in a LUT colour map, referred to as an RSE map. The purple regions in 
the RSE map represent areas of low error, so there is strong similarity between the super-
resolution image and the wide-field image, referred to as a reference image. In contrast, 
blue-yellow regions in the RSE map represent areas of high error, such as artefacts, as there 
is some dissimilarity between the super-resolution image and the wide-field image. The 
super-resolution image can be from any method that overcomes the diffraction limit of light, 
whilst the reference image is usually an image obtained on a wide-field, confocal, or TIRF 
system. As well as a RSE error map, an RSP value, which does not depend on fluorescence 
intensities in the image, but is rather a measure of correlation between the super-resolution 
image and the reference image, is also given. A RSP value of 1 describes a perfect correlation, 
whereas 0 is poor correlation, where >0.95 indicates a high degree of correlation between 
the two images.  
As well as producing a RSE map, a spatial map of FRC values for the super-resolution image 
can also be produced, which estimates the spatial resolution of the image. A raw stack of 
images is split equally into two sub-stacks: one containing the even number of frames and 
the other stack with all of the odd numbers of frames. Each sub-stack is post-processed and 
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concatenated to form a stack of two super-resolution images, which is input into the NanoJ-
SQUIRREL FRC to produce an FRC map. Red areas on the map show regions in the image that 
are of low-resolution (high FRC values) and blue areas on the map show regions in the image 
that are of high-resolution (low FRC values). Using FRC, SRRF images have been shown to 
achieve approximately 70 nm resolution (289). In areas where the super-resolution image 
and the reference image do not share sufficient correlations, the blocks are combined to 
calculate FRC, as shown by less square-like shapes.  
Acquisition parameters such as exposure time, number of frames, and illumination power 
can all affect RSP and FRC values of the resulting super-resolution image. To firstly test the 
performance of the ImageJ plugin NanoJ-SQUIRREL, the resolution and image quality of the 
same raw dataset used in the FRC calculation previously (Figure 41), was assessed with 
NanoJ-SQUIRREL, using default settings. Using temporal radiality average, the ring radius was 
set to 0.5, magnification 5, and axes in ring 6. As expected, the resolution and image quality 
in the 2nd order SOFI-processed image of β-tubulin-Qdot 625 was not completely 
homogenous, because there were some regions in the RSE map displaying low errors in 
purple and some areas of high error, likely to be artefacts, in blue-yellow (Figure 44D). Here, 
almost all of the structures are highlighted as being high error, except for the background, 
which means that the quality of the image is poor, perhaps as a result of the high blinking of 
Qdots being on the wrong timescale for SOFI-processing. An FRC map was also produced, 
with areas of low-resolution (red), but mainly high-resolution (blue). Using FRC computed in 
the NanoJ-SQUIRREL ImageJ plugin, the mean spatial resolution of β-tubulin (Figure 44E) was 
162 nm (minimum = 137 nm, maximum = 218 nm). This mean resolution estimate was similar 
to that obtained using FIRE (160 nm), which estimated the resolution to be 160 nm, using 
the same fixed threshold of 1/7.  
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Figure 44. Quality and resolution of a 2nd order SOFI-processed image with NanoJ-SQUIRREL. A stack 
of 1,000 wide-field images of β-tubulin-Qdot 625 was SOFI-processed up to 2nd order with Localizer. 
The resulting SOFI-processed image (B) was convolved (C) and compared against the average wide-
field image (A) using the open-source ImageJ plugin NanoJ-SQUIRREL. A RSE map was produced 
highlighting similar, low error regions in purple and regions of potential artefacts in blue-yellow (D). 
An RSP value < 0.95 indicated errors in the SOFI processing. The resolution of the SOFI-processed 
image was also determined using a FRC implementation in NanoJ-SQUIRREL. The wide-field image 
stack was split into odd and even frames, SOFI-processed separately, and re-combined to form a two-
image SOFI stack, which was used for the FRC calculation to produce a FRC map (E). Red regions in the 
FRC map are low-resolution, whereas those in blue are of high-resolution. The mean resolution in the 
image was determined to be 162 nm. Scale bar = 10 μm. 
 
Qdot labelled β-tubulin did not yield a high quality SOFI image (Figure 44). Since SRRF can be 
performed with conventional dyes, β-tubulin was labelled here with Alexa Fluor 488 for 
SRRF-processing. Most demonstrations of optical resolution enhancement and image quality 
are done on filamentous structures with defined lines, however, not many are done on 
nuclear proteins. Therefore, validation of SRRF-processing on nuclear proteins was also done 
here with nucleolin, in parallel to β-tubulin samples. To firstly establish the magnification 
needed to obtain high quality SRRF images, nucleolin was labelled with Alexa Fluor 488 in 
fixed HeLa cells and data acquired at 100x 1.4NA with and without the addition of a 2.5x 
magnifying lens (Figure 45). A mercury arc lamp was used to acquire the wide-field data, but 
a gentler approach would have been to use low-cost LED illumination. Each stack was SRRF-
processed using the ImageJ plugin NanoJ-SRRF, with default settings (temporal analysis: 
temporal radiality analysis – TRA, ring radius: 0.5, magnification radiality: 5, and axes in ring: 
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6) and the resulting SRRF images were processed in NanoJ-SQUIRREL to check their quality 
and resolution. Undersampled nucleolin-Alexa Fluor 488 (100x 1.4NA, no magnifying lens), 
according to Nyquist sampling, gave a poor quality SRRF image (RSP value of 0.902), whilst 
oversampled data (100x 1.4NA plus a 2.5x magnifying lens) yielded a high quality SRRF image 
(RSP value of 0.990). The RSE map for the undersampled data showed more high error (blue-
yellow) regions than the over-sampled data. Despite the RSP value for the oversampled data 
being high (>0.95), it is not visually apparent that the image is of high quality, because the 
RSP value is a mean value for the entire image, whereas the corresponding RSE map shows 
both low and high-error regions. Inhomogeneities in resolution was also present in both 
SRRF-processed images, as indicated by the high (blue) and low (red) resolution areas in the 
FRC maps. The lower quality image (100x 1.4NA, no magnifying lens) yielded an improved 
mean resolution of 155 nm (minimum = 66 nm, maximum = 411 nm), compared to the high 
quality SRRF image (100x 1.4NA plus 2.5x magnifying lens), which gave a mean FRC value of 
196 nm (minimum = 118 nm, maximum 278 nm). When the resolution is high, the quality of 
the image is typically poor, so a compromise must be met between achieving the best 
possible resolution, without over-processing and creating artificially thin structures that may 
not depict the real structure. It was clear that to achieve a high quality SRRF image (calculated 
RSP value > 0.95), Nyquist sampling must be satisfied, and so the highest possible 
magnification should be used. Therefore, all subsequent SRRF-processing was done on 
images acquired with a 100x 1.4 NA oil immersion objective, with the addition of a 2.5x 
magnifying lens.  
 
Figure 45. Nyquist sampling must be met to yield a high quality SRRF image. Nucleolin was labelled 
with Alexa Fluor 488 by indirect immunofluorescence and imaged on an epifluorescence microscope 
(100x 1.4NA). Wide-field images without a 2.5x magnifying lens (A) were acquired (1,000 frames) at 
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100 ms, whilst those images taken with a 2.5x magnifying lens (E) were acquired at 5 ms. Each stack 
was post-processed with NanoJ-SRRF in ImageJ and the SRRF images (B and F) assessed with the 
ImageJ plugin NanoJ-SQUIRREL. RSE maps (C and G) show high error regions in blue-yellow (RSP<0.95) 
and low error regions in purple (RSP>0.95). Under-sampled (100x 1.4NA no magnifying lens) nucleolin-
Alexa Fluor 488 yielded a poor quality SRRF image, whilst oversampled (100x 1.4NA plus 2.5x 
magnifying lens) data yielded a high quality SRRF image. Inhomogeneity of SRRF images is shown in 
the FRC maps (D and H), where there are areas of high (blue = low FRC value) and low (red = high FRC 
value) resolution. A high quality SRRF image, gave a lower resolution than a low quality image. Scale 
bar = 10 μm. 
 
To improve temporal resolution, fewer frames can be acquired, but this is often at the 
expense of a lower spatial resolution in the resulting image. The number of frames required 
to achieve a high quality SRRF image was assessed by firstly acquiring a 1,000 frame stack of 
β-tubulin-Alexa Fluor 488 and nucleolin-Alexa Fluor 488 on an epifluorescence microscope 
(100x 1.4NA plus 2.5x magnifying lens) and then reducing the same dataset using the Stack 
Sorter option in ImageJ to create a further 3 sub-stacks consisting of 50, 100, and 500 
consecutive frames. Each dataset, of 50-1,000 wide-field images, was post-processed with 
the NanoJ-SRRF ImageJ plugin. Default NanoJ-SRRF parameter settings (temporal analysis: 
temporal radiality analysis – TRA, ring radius: 0.5, magnification radiality: 5, and axes in ring: 
6) were used, as these typically yield a satisfactory SRRF image, so the only independent 
variable was the number of frames. For both the β-tubulin-Alexa Fluor 488 (Figure 46) and 
nucleolin-Alexa Fluor 488 (Figure 47) samples, the quality and resolution improved as the 
number of frames increased. As low as 50-100 frames was sufficient for SRRF-processing, so 
in all subsequent SRRF-processing, 100 frames was used. 
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Figure 46. More frames yield a higher quality and better SRRF-resolved image of β-tubulin. Wide-
field images containing different number of frames: 50 frames (A), 100 frames (E), 500 frames (I), and 
1,000 frames (M), were SRRF-processed with NanoJ-SRRF ImageJ (B, F, J, and N). The quality and 
resolution of each SRRF-processed image was assessed using NanoJ-SQUIRREL ImageJ plugin. RSE 
maps (C, G, K, and O) showing high error regions in blue-yellow and low error regions in purple. A high 
RSP value > 0.95 is considered as a good quality SRRF image. FRC maps (D, H, L, and P) were also 
produced, with low-resolution regions in red. Increasing the number of frames, improves the quality 
ad resolution of the SRRF-processed image. Scale bar = 10 μm. 
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Figure 47. More frames yield a better NanoJ-SRRF image of nucleolin. Wide-field images of nucleolin-
Alexa Fluor 488 (100x 1.4NA plus 2.5x magnifying lens), containing different number of frames: 50 
frames (A), 100 frames (E), 500 frames (I), and 1,000 frames (M), were SRRF-processed with NanoJ-
SRRF ImageJ (B, F, J, and N). The quality and resolution of each SRRF-processed image was assessed 
using NanoJ-SQUIRREL ImageJ plugin. RSE maps (C, G, K, and O) showing high error regions in blue-
yellow and low error regions in purple. A high RSP value > 0.95 is considered as a good quality SRRF 
image. FRC maps (D, H, L, and P) were also produced, with low-resolution regions in red. A higher 
number of frames, yields better resolution and quality SRRF image. For 50-1,000 frames, an RSP value 
>0.95 was obtained. Scale bar = 10 μm. 
 
Nucleolin and β-tubulin were both labelled with Alexa Fluor 488 by indirect 
immunofluorescence in separate cell samples and imaged on an epifluorescence microscope 
(100x 1.4 NA plus 2.5x magnifying lens), equipped with a white-light mercury arc lamp and 
EMCCD camera. To determine the optimal acquisition rate for obtaining a quality SRRF-
processed image of β-tubulin-Alexa Fluor 488 and nucleolin-Alexa Fluor 488, wide-field 
images, acquired at different exposure times 5 ms (200 fps), 10 ms (100 fps), 50 ms (20 fps), 
and 100 ms (10 fps), were SRRF-processed and the resulting images compared for quality 
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and resolution with the open-source ImageJ plugin NanoJ-SQUIRREL. Lower exposure times 
gave the best quality SRRF images (RSP value >0.95 is a good SRRF image), although there 
were still areas of high error as shown by the blue-yellow regions on the RSE map (Figure 48 
and Figure 49). Despite, the mean FRC value decreasing as the exposure time increased, 
there was regions in the image that were of high-resolution (blue), but also low-resolution 
(red), as indicated by the FRC maps.  Resolution in the SRRF images is therefore not 
homogenous, as shown by the variable FRC values (Table 9). SRRF images that gave the best 
resolution, did not necessarily have the highest RSP value, and were not of high quality. This 
observation was also reported elsewhere (78).  
 
 
Figure 48. High-resolution β-tubulin image does not always yield a high quality SRRF image. To 
compare the resolution and quality of β-tubulin-Alexa Fluor 488, at different exposure times, it was 
imaged on an epifluorescence microscope (100x 1.4NA plus 2.5x magnifying lens) at 5 ms (A), 10 ms 
(E), 50 ms (I), and 100 ms (M). Each 100 frame stack was SRRF-processed using the NanoJ-SRRF ImageJ 
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plugin. The quality and resolution of the β-tubulin-Alexa 488 SRRF-processed images (B, F, J, and N) 
were assessed using the ImageJ plugin NanoJ-SQUIRREL by creating RSE maps (C, G, K, and O) and FRC 
maps (D, H, L, and P), respectively. Purple regions in the RSE map are less likely to contain artefacts, 
whereas those that are blue-yellow are highly likely to be artefacts. RSP values >0.95 are good SRRF 
images. Red regions in the FRC map are low-resolution, whereas those in blue are of high-resolution. 
Lower exposure times gave the best quality SRRF image, but at the expense of lower resolution. Scale 
bar = 10 μm.  
 
 
Figure 49. High-resolution nucleolin image does not always yield a high quality SRRF image. To 
compare the resolution and quality of nucleolin-Alexa Fluor 488, at different exposure times, it was 
imaged on an epifluorescence microscope (100x 1.4NA plus 2.5x magnifying lens) at 5 ms (A), 10 ms 
(E), 50 ms (I), and 100 ms (M). Each 100 frame stack was SRRF-processed using the NanoJ-SRRF ImageJ 
plugin. The quality and resolution of the nucleolin-Alexa 488 SRRF-processed images (B, F, J, and N) 
were assessed using the ImageJ plugin NanoJ-SQUIRREL by creating RSE maps (C, G, K, and O) and FRC 
maps (D, H, L, and P), respectively. Purple regions in the RSE map are less likely to contain artefacts, 
whereas those that are blue-yellow are highly likely to be artefacts. RSP values >0.95 are good SRRF 
images. Red regions in the FRC map are low-resolution, whereas those in blue are of high-resolution. 
Lower exposure times gave the best quality SRRF image, but at the expense of lower resolution. Scale 
bar = 10 μm. 
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Table 9. Comparing the quality and resolution of SRRF images for different exposure times. SRRF-
processed images of β-tubulin-Alexa Fluor 488 (NanoJ-SRRF ImageJ plugin) from Figure 48 were 
assessed in terms of quality and resolution using the NanoJ-SQUIRREL imageJ plugin. A lower exposure 
time of 5 ms, yielded the best SRRF image (RSP values >0.95), but gave the lowest resolution (high 
mean FRC value of 237 nm). 
 
As well as varying the acquisition settings, parameters used in the post-processing can also 
be changed, to improve the quality and resolution of the SRRF image. Here, a parameter 
sweep was done manually, to find the optimal processing parameters for SRRF. One such 
parameter was the ring radius, which determines the sub-pixel wise range that is used for 
the gradient convergence calculation, known as a radiality measurement. Generally, a small 
ring radius will yield the best resolution, but if the image is noisy, the resolution will be lower, 
due to the reduction in precision of the radiality calculation. As previously, β-tubulin and 
nucleolin were labelled with Alexa Fluor 488 by indirect immunofluorescence and 100 frames 
acquired on an epifluorescence microscope (100x 1.4NA plus 2.5x magnifying lens). To 
compare how the size of the ring radius can affect the quality and resolution of a SRRF image, 
wide-field images were post-processed with the NanoJ-SRRF ImageJ plugin and the ring 
radius was varied from 0.1-3 (default 0.5), but all other parameters, including the temporal 
analysis (temporal radiality average – TRA), radiality magnification (5), and axes in ring (6), 
were all set to default. ImageJ plugin NanoJ-SQUIRREL was used to determine the quality and 
resolution of SRRF-processed images, when the ring radius was changed, for β-tubulin-Alexa 
Fluor 488 (Figure 50) and nucleolin-Alexa Fluor 488 (Figure 51). The smallest ring radius 
yielded a high quality SRRF image, whilst the larger ring radius degraded the quality of the 
SRRF image, as shown by the increase in high error blue-yellow regions in the RSE map, which 
are likely artefacts of the processing. 
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Figure 50. Varying the ring radius NanoJ-SRRF parameter affects the quality of the β-tubulin-Alexa 
Fluor 488 SRRF-processed image. Wide-field images (100 frames) of β-tubulin-Alexa Fluor 488 (100x 
1.4NA plus 2.5x magnifying lens) was SRRF-processed with the NanoJ-SRRF ImageJ plugin (A, D, G, J, 
M, and P) using different sized ring radii 0.1-3 (default is 0.5). The quality and resolution of the SRRF-
processed images was assessed using the NanoJ-SQUIRREL ImageJ plugin. Purple regions in the RSE 
maps (B, E, H, K, N, and Q) are less likely to contain artefacts, whereas those that are blue-yellow are 
highly likely to be artefacts. RSP values >0.95 are good SRRF images. Red regions in the FRC maps (C, 
F, I, L, O, and R) are low-resolution, whereas those in blue are of high-resolution. A lower ring radius 
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yielded a better quality SRRF image, with less artefacts, but did not always result in improved 
resolution compared to a higher ring radius. Scale bar = 10 μm. 
 
 
Figure 51. Varying the ring radius NanoJ-SRRF parameter affects the quality of the nucleolin-Alexa 
Fluor 488 SRRF-processed image. Wide-field images (100 frames) of nucleolin-Alexa Fluor 488 (100x 
1.4NA plus 2.5x magnifying lens) was SRRF-processed with the NanoJ-SRRF ImageJ plugin using 
different sized ring radii. The quality and resolution of the SRRF-processed images was assessed using 
the NanoJ-SQUIRREL ImageJ plugin. Purple regions in the RSE maps (B, E, H, K, N, and Q) are less likely 
to contain artefacts, whereas those that are blue-yellow are highly likely to be artefacts. RSP values 
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>0.95 are good SRRF images. Red regions in the FRC maps (C, F, I, L, O, and R) are low-resolution, 
whereas those in blue are of high-resolution. A lower ring radius yielded a better quality SRRF image, 
with less artefacts, but did not result in improved resolution compared to a higher ring radius. Scale 
bar = 10 μm. 
 
Another parameter that can affect the SRRF output is radiality magnification, since it 
determines the number of sub-pixels the image pixels are split into before the radiality 
calculation takes place. Since increasing the radiality value, increases the number of pixels in 
the resulting SRRF image, this greatly enhances the computational time, so the higher the 
radiality magnification value, the slower the SRRF-processing. A radiality magnification of 1x, 
5x, and 10x, gives a SRRF image with 512-by-512 pixels, 2560-by-2560 pixels, and 5120-by-
5120 pixels, respectively. Again, 100 frames of β-tubulin-Alexa Fluor 488 and nucleolin-Alexa 
Fluor 488 were acquired on an epifluorescence microscope (100x 1.4NA plus a 2.5x 
magnifying lens) and the wide-field images SRRF-processed with NanoJ-SRRF with default 
parameters (temporal analysis: temporal radiality analysis – TRA, ring radius: 0.5, and axes 
in ring: 6), except this time the radiality magnification was varied from 1 to 10 (default is 5). 
ImageJ plugin NanoJ-SQUIRREL was used to assess the resolution and quality of β-tubulin-
Alexa Fluor 488 (Figure 52) and nucleolin-Alexa Fluor 488 (Figure 53), when radiality 
magnification was varied. For both datasets, a larger radiality magnification value gave a 
better quality SRRF-processed image, with an RSP value >0.95 (less high error, blue-yellow 
regions in the RSE map), and improved resolution (lower mean FRC value), as shown by more 
low-resolution regions in red on the FRC map.  
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Figure 52. A higher radiality magnification value yields better resolution and quality. Wide-field 
images (100 frames) of β-tubulin-Alexa Fluor 488 (100x 1.4NA plus 2.5x magnifying lens) was SRRF-
processed with the NanoJ-SRRF ImageJ plugin using different radiality magnification values: 1, 5 
(default), and 10. The quality and resolution of the SRRF-processed images (A, D, and G) was assessed 
using the NanoJ-SQUIRREL ImageJ plugin. Purple regions in the RSE maps (B, E, and H) are less likely 
to contain artefacts, whereas those that are blue-yellow are highly likely to be artefacts. RSP values 
>0.95 are good SRRF images. Red regions in the FRC maps (C, F, and I) are low-resolution, whereas 
those in blue are of high-resolution. A higher radiality magnification value yielded improved resolution 
and quality compared to a higher radiality magnification value. Scale bar = 10 μm. 
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Figure 53. A higher radiality magnification value yields better resolution and quality. Wide-field 
images (100 frames) of nucleolin-Alexa Fluor 488 (100x 1.4NA plus 2.5x magnifying lens) was SRRF-
processed with the NanoJ-SRRF ImageJ plugin using different radiality magnification values: 1, 5 
(default), and 10. The quality and resolution of the SRRF-processed images (A, D, and G) was assessed 
using the NanoJ-SQUIRREL ImageJ plugin. Purple regions in the RSE maps (B, E, and H) are less likely 
to contain artefacts, whereas those that are blue-yellow are highly likely to be artefacts. RSP values 
>0.95 are good SRRF images. Red regions in the FRC maps (C, F, and I) are low-resolution, whereas 
those in blue are of high-resolution. A higher radiality magnification value yielded improved resolution 
and quality compared to a higher radiality magnification value. Scale bar = 10 μm. 
 
Apart from the ring radius and radiality magnification, axes in ring can also be varied, in the 
ImageJ plugin NanoJ-SRRF, from 2 to 8 (default is 6). Axes in ring determines the number of 
xy coordinates used, within the ring radius, for the radiality measurement. Similar to radiality 
magnification, using a higher axes in ring value, increased the processing time taken to 
produce a SRRF image. As before, nucleolin and β-tubulin were labelled with Alexa Fluor 488 
by indirect immunofluorescence and 100 frames acquired on an epifluorescence microscope 
(100x 1.4NA plus a 2.5x magnifying lens). Each 100 frame stack was post-processed with 
NanoJ-SRRF, in ImageJ, using default settings (temporal analysis: temporal radiality analysis 
– TRA, ring radius: 0.5, and magnification radiality: 5), except this time the axes in ring was 
the independent variable and was changed from 2 to 8. The quality of the SRRF-processed 
images decreased using a smaller axes in ring for both β-tubulin-Alexa Fluor 488 (Figure 54) 
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and nucleolin-Alexa Fluor 488 (Figure 55), but the resolution did not improve with a smaller 
axes in ring value. 
 
Figure 54. A smaller axes in ring value improves the quality of SRRF-processed β-tubulin. The ImageJ 
plugin NanoJ-SRRF was used to post-process β-tubulin labelled with Alexa Fluor 488 over 100 frames 
(100x 1.4NA plus a 2.5x magnifying lens). Default parameter settings (temporal analysis: temporal 
radiality analysis – TRA, ring radius: 0.5, and magnification radiality: 5) were used and the axes in ring 
value varied from 2-8 (default is 6). The resolution and quality of the resulting SRRF-processed images 
(A, D, and G) were assessed with the ImageJ plugin NanoJ-SQUIRREL. RSE maps (B, E, and H) and FRC 
maps (C, F, and I), confirm that a small axes in ring value yields a high quality SRRF image, but no 
change in resolution. Scale bar = 10 μm. 
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Figure 55. A small axes in ring value improves the quality of SRRF-processed nucleolin. The ImageJ 
plugin NanoJ-SRRF was used to post-process nucleolin labelled with Alexa Fluor 488 over 100 frames 
(100x 1.4NA plus a 2.5x magnifying lens). Default parameter settings (temporal analysis: temporal 
radiality analysis – TRA, ring radius: 0.5, and magnification radiality: 5) were used and the axes in ring 
value varied from 2-8 (default is 6). The resolution and quality of the resulting SRRF-processed images 
(A, D, and G) were assessed with the ImageJ plugin NanoJ-SQUIRREL. Purple regions in the RSE map 
are less likely to contain artefacts, whereas those that are blue-yellow are highly likely to be artefacts. 
RSP values >0.95 are good SRRF images. Red regions in the FRC map are low-resolution, whereas those 
in blue are of high-resolution. RSE maps (B, E, and H) and FRC maps (C, F, and I), confirm that a small 
axes in ring value yields a high quality SRRF image, but no change in resolution. Scale bar = 10 μm. 
 
So far, SRRF-processing has been done on data acquired on an epifluorescence microscope 
(100x 1.4 NA plus 2.5x magnifying lens) with white light illumination using a mercury arc 
lamp. Here, nucleolin-Alexa Fluor 488 was also acquired in wide-field mode (100x 1.46 NA 
plus 1.6x magnifying lens) with a 30 mW 488 nm laser, at different exposure times (5 ms, 10 
ms, 50 ms, and 100 ms). For lamp based epifluorescence illumination, acquisition at a low 
exposure time, yielded a high quality SRRF image (RSP value > 0.95) (Figure 56A), whilst the 
laser did not yield a satisfactory SRRF image (RSP value < 0.95) (Figure 56B).  
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Figure 56. Comparing the quality of SRRF images processed from data acquired with a lamp versus 
a laser. Nucleolin was labelled with Alexa Fluor 488 by indirect immunofluorescence with primary and 
secondary antibodies. A stack of 1,000 frames was imaged on an epifluorescence microscope with a 
mercury arc lamp (100x 1.4NA plus 2.5x magnifying lens) and also on a TIRF system with laser 
illumination in epifluorescence mode (100x 1.46NA plus 1.6x magnifying lens) at different exposure 
times: 5 ms, 50 ms, and 100 ms. Images were SRRF-processed with the NanoJ-SRRF imageJ plugin for 
the lamp (A) and laser (B) data. For lamp illumination, lower exposure times yielded better quality 
images (higher RSP values > 0.95), whereas for the laser, although lower exposure times yielded higher 
RSP values, none were of high quality and contained artefacts (RSP values > 0.95 = Good SRRF image). 
Scale bar = 10 μm.  
 
Most super-resolution techniques such as dSTORM use the far red Alexa Fluor 647 dye, 
because blinking can be induced with the addition of thiol reducing agent. The longer 
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wavelength used to excite Alexa Fluor 647 produces less photodamaging effects. 
Simultaneous multicolour imaging with Alexa Fluor 647 can prevent bleed-through when 
combined with other dyes. Since Alexa Fluor 647 is a dye commonly used by the super-
resolution microscopy community, SRRF-processing was also done on mercury arc lamp-
acquired nucleolin samples labelled with Alexa Fluor 647 (100x 1.4NA plus 2.5x magnifying 
lens), to compare against previous images of nucleolin-Alexa 488. Interestingly, Alexa Fluor 
647 yielded higher quality SRRF images than using Alexa Fluor 488 (Table 10). Both gave the 
best quality SRRF image at a low exposure time of 5 ms, but Alexa Fluor 647 outperformed 
Alexa Fluor 488, by producing high quality SRRF images using 5-100 ms exposure times (RSP 
> 0.95 = good SRRF image). As labelling structures with Alexa Fluor 647 yielded the best 
quality SRRF image, this fluorescent dye was used in all further NanoJ-SRRF experiments, 
except where two colours were required for protein-protein interaction studies, and Alexa 
Fluor 647 was then combined with Alexa Fluor 488. There was also a high degree of 
unwanted photobleaching of structures, so to prevent this, a ProLong Gold anti-fading 
mounting medium (Dako, UK) was always used during sample preparation and since <100 
frames did not influence the quality of the SRRF-processed image, a maximum of 100 frames 
was used during image acquisition. 
 
Table 10. Comparison of SRRF-processing of nucleolin labelled with different probes. Nucleolin was 
labelled with Alexa Fluor 488 and 647 via indirect immunofluorescence in different samples and RSP 
values determined for different exposure times, when imaged on an epifluorescence microscope 
(100x 1.4 NA plus 2.5 magnifying lens). Nucleolin-Alexa 647 gave higher RSP values than Nucleolin-
Alexa 488. 
 
 
4.2.4.2 Applying NanoJ-SQUIRREL to SRRF-Stream data 
In 2018 SRRF was packaged into a commercial implementation (SRRF-Stream) by Andor 
Technology, in collaboration with Ricardo Henriques’ research group. It is assumed that the 
same SRRF algorithm is used as the open-source ImageJ plugin NanoJ-SRRF and acquisition 
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is also controlled by open-source Micro-Manager software (247). SRRF-Stream arrived at the 
CCI in the last months of this PhD project. It enables SRRF images to be obtained at a faster 
rate compared to acquiring data and processing with the ImageJ plugin NanoJ-SRRF. SRRF-
Stream offers on the fly SRRF-processing, performed in real-time, as the data are being 
acquired on the camera, which speeds up the workflow to achieve a SRRF image.  Since 
processing with SRRF-Stream is 30x faster than using the ImageJ plugin NanoJ-SRRF, it can 
offer quick decisions about which parameters yield an optimal SRRF image (293). Although 
default settings can be used with confidence for most structures, optimisation of parameters 
can often give a better SRRF image. For instance, reducing the ring radius can give better 
resolution, but potentially at the expense of image quality. The same parameters that were 
tested for the ImageJ plugin NanoJ-SRRF were also varied here with SRRF-Stream, on the 
same nucleolin-Alexa Fluor 488 sample. NanoJ-SRRF allows better control over the 
parameters chosen for the temporal analysis than SRRF-Stream (294), as temporal radiality 
maximum (TRM), temporal radiality analysis (TRA), temporal radiality pairwise product mean 
(TRPPM), and temporal radiality auto-correlations (TRAC) options can be selected. Axes in 
ring parameter can also be varied with NanoJ-SRRF in ImageJ, unlike in the Fusion software 
of SRRF-Stream, where it is fixed. Default settings for SRRF-Stream in Fusion software also 
differed slightly from default parameters in the ImageJ plugin NanoJ-SRRF, so for the sake of 
consistency, default settings used previously to test NanoJ-SRRF parameters were used here 
(ring radius 0.5 and magnification radiality 5). To test the effect different acquisition settings 
had on the quality of a SRRF image, the number of frames was varied from 50-1,000 frames 
during the SRRF-Stream acquisition (100x 1.4 NA, plus 2x magnifying lens), whilst the 
exposure time was kept to a minimum at 5 ms. As before, the ImageJ plugin NanoJ-SQUIRREL 
was used to assess the quality of the images, by creating a RSE map and calculating an RSP 
value (RSP>0.95 = good SRRF image). Using a high speed spinning disk confocal, a high quality 
SRRF image with as few as 50 frames was achieved with SRRF-Stream (Figure 57), which 
shows the potential of this system in improving temporal resolution for fast-moving proteins 
in live cells. A spinning disk confocal has multiple pinholes so light can be detected 
simultaneously, whereas with confocal laser scanning microscopy time is taken time to 
sequentially scan the sample using one pinhole. 
As well as the number of frames, the acquisition rate can also affect image quality, so the 
exposure time was also varied during the SRRF-Stream acquisition from 5-100 ms.  A total of 
100 frames of nucleolin-Alexa Fluor 488 was acquired (100x 1.4NA, plus 2x magnifying lens) 
with SRRF-Stream, with a lower exposure time yielding a higher quality SRRF image, but at 
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the expense of resolution (Figure 58). With SRRF-Stream 10,000-fold less illumination is 
needed compared to dSTORM, so it can afford to use a lower exposure times, to achieve an 
adequate SNR. The 1024-by-1024 pixels FOV of the iXon888 Ultra EMCCD camera (13 μm 
pixel size) used on the SRRF-Stream system was larger compared to the 512-by-512 pixels 
FOV of the EMCCD camera (16 μm pixel size) used on the epifluorescence microscope to 
acquire data for post-processing with the ImageJ plugin NanoJ-SRRF. Imaging a large FOV 
compromises spatial resolution, because typically lower magnification lenses are required 
that have a low NA, however using a camera with a larger FOV allows higher magnification 
objectives to be used that have a high NA. To improve temporal resolution, a faster frame 
rate can be achieved by cropping a ROI around the protein of interest.  
After establishing optimal acquisition parameters of SRRF-Stream, being 5 ms and 50-100 
frames, post-processing parameters ring radius and radiality magnification, were also tested, 
by keeping the exposure time and number of frames constant, at 5 ms and 100 frames, 
respectively. The ring radius was varied from 0.1 to 3, where the default value of 0.5 for 
NanoJ-SRRF was also used. Unlike NanoJ-SRRF, a higher ring radius yielded a better quality 
SRRF image for SRRF-Stream, with less artefacts, until a point when the image quality started 
to decrease (Figure 59).  Discrepancies between the optimal ring radius for NanoJ-SRRF and 
SRRF-Stream may be due to differences in the processing algorithm or different modes of 
illumination, as a mercury arc lamp on an epifluorescence system was used for NanoJ-SRRF 
acquisition, whilst a laser on a spinning disk confocal was used for SRRF-Stream. Using a 
default ring radius of 0.5, radiality magnification was varied from 1 to 10 (default is 5). Once 
processed, with a radiality magnification of 1x, the size of the SRRF-Stream image was the 
same as the wide-field image, 1024-by-1024 pixels, however, when the radiality 
magnification value was increased to 5x and 10x, the number of pixels in the resulting SRRF-
Stream image also increased to 2560-by-2560 pixels and 5120-by-5120, respectively. A 
higher radiality magnification value appeared to yield a better resolution SRRF-Stream image 
of nucleolin-Alexa Fluor 488 (Figure 60), which is in agreement with the NanoJ-SRRF data 
(Figure 53). However, the quality of the SRRF-Stream image decreased as the radiality 
magnification value was increased.  
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Figure 57. The resolution of SRRF-Stream images improves with more frames, whilst the quality 
decreases. Wide-field images of nucleolin-Alexa Fluor 488 (100x 1.4NA plus 2x magnifying lens), 
containing different number of frames: 50 frames (A), 100 frames (E), 500 frames (I), and 1,000 frames 
(M), were acquired using SRRF-Stream (B, F, J, and N). The quality and resolution of each SRRF-Stream 
processed image was assessed using NanoJ-SQUIRREL ImageJ plugin. RSE maps (C, G, K, and O) 
showing high error regions in blue-yellow and low error regions in purple. A high RSP value > 0.95 is 
considered as a good quality SRRF image. FRC maps (D, H, L, and P) indicate high resolution in blue 
(low FRC value) and low resolution in red (high FRC value). A higher number of frames, decreased the 
quality and resolution of a SRRF-Stream image. For 50-1,000 frames, an RSP value >0.95 was obtained. 
Scale bar = 20 μm. 
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Figure 58. Lower exposure times yield a higher quality SRRF-Stream image of nucleolin-Alexa Fluor 
488. The quality of SRRF-Stream images of nucleolin-Alexa488 (B, F, J, and N) were assessed using the 
ImageJ plugin NanoJ-SQUIRREL, by comparing them to corresponding average wide-field images (100x 
1.4NA plus 2x magnifying lens), acquired at different exposure times: 5 ms (A), 10 ms (E), 50 ms (I), 
and 100 ms (M). RSE maps were created (C, G, K, and O). Purple regions in the RSE map were less likely 
to contain artefacts, whereas those that are blue-yellow were highly likely to be artefacts. RSP values 
>0.95 are good SRRF images. FRC maps (D, H, L, and P) show low resolution in red (high FRC value) and 
high resolution in blue (low FRC value). Lower exposure times gave the best quality SRRF image, but 
at the expense of resolution. Scale bar = 20 μm. 
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Figure 59. Varying the ring radius affects the quality of SRRF-Stream images. Wide-field images (100 
frames) of nucleolin-Alexa Fluor 488 (100x 1.4NA plus 2x magnifying lens) (A, E, I, M, Q, and U) was 
SRRF-processed with SRRF-Stream (B, F, J, N, R, and V) using different sized ring radii. The quality of 
the SRRF-Stream processed images was assessed using the NanoJ-SQUIRREL ImageJ plugin. Purple 
regions in the RSE maps (C, G, K, O, S, and W) are less likely to contain artefacts, whereas those that 
are blue-yellow are highly likely to be artefacts. RSP values >0.95 are good SRRF images. FRC maps (D, 
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H, L, P, T, and X) show low resolution in red (high FRC value) and high resolution in blue (low FRC 
value). A higher ring radius yielded a better quality SRRF image, with less artefacts, until a point then 
the image quality started to degrade. Scale bar = 10 μm. 
 
 
 
Figure 60. A higher radiality magnification value yields better resolution. Wide-field images (100 
frames) of nucleolin-Alexa Fluor 488 (100x 1.4NA plus 2x magnifying lens) (A, E, and I) were SRRF-
processed with SRRF-Stream using different radiality magnification values: 1, 5 (default), and 10. The 
quality and resolution of SRRF-Stream processed images (B, F, and J) was assessed using the NanoJ-
SQUIRREL ImageJ plugin. Purple regions in the RSE maps (C, G, and K) are less likely to contain 
artefacts, whereas those that are blue-yellow are highly likely to be artefacts. RSP values >0.95 are 
good SRRF images. Red regions in FRC maps (D, H, and L) are of low resolution (high FRC values) and 
blue of high resolution (low FRC values). A smaller radiality magnification value yielded a better quality 
SRRF image, with less artefacts, compared to a higher radiality magnification value. However, a higher 
radiality magnification value yields better resolution. Scale bar = 20 μm. 
 
Here, images were taken of fixed samples only, to rule out any motion blur artefacts from 
motion blur of live sample movements. However, using SRRF on fixed samples is basically a 
lower resolution version of STORM, since a two-to-six-fold resolution improvement (50-150 
nm resolution) (293) is achievable compared to wide-field microscopy, so to appreciate that 
SRRF requires less intense illumination than STORM (2.3 kw/cm2), SRRF should be done on 
live cells. Although, SRRF only increases lateral not axial resolution, z-stacks can be taken to 
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extract additional spatial information. However, to obtain more information about protein 
movement over time in 3D, 4D SRRF can be achieved with the addition of a PRILM and 
combining SRRF with other techniques, such as SIM or lattice-light-sheet, may further 
improve resolution (78). SRRF is known to work best with EMCCD cameras, because of their 
homogenous noise, EM gain for sensitivity, and better SNR than sCMOS (26). However, Andor 
Technology have recently released a sensitive sCMOS camera, which may perform nicely 
with SRRF. Future applications of SRRF look promising, with the next version of SRRF-Stream 
sure to incorporate NanoJ-SQUIRREL and machine learning, involving content-aware image 
restoration (CARE) (295), which should help to more easily determine the quality and 
resolution of super-resolution images. 
 
4.2.5 Using SOFI simulation tool to predict optimal acquisition settings  
 
Most deconvolution and super-resolution post-processing algorithms are tested with 
simulation data when they are being developed. SOFI simulation tool is a free software 
package (available on GitHub), implemented in MATLAB, which can computationally test 
different acquisition parameters, prior to imaging real biological samples; and in turn predict 
the quality of a resulting bSOFI image (124). As well as generating a bSOFI image, the 
software can also predict a STORM image from the same dataset. This software aims to teach 
users about the steps involved in the bSOFI-processing algorithm, up to 7th order, and 
prevent tedious optimisation, which would otherwise require sample preparation.  Although, 
the GUI (Figure 61) is very easy to navigate and there is a manual for its use, some prior 
knowledge is required about a fluorophore’s bleaching rate and “ON” (fluorescent)/”OFF” 
(non-fluorescent) duty cycle, which is the fraction of time spent in the fluorescent state, 
when continually illuminated with light (296, 297). For synthetic organic dyes (e.g. Alexa 
Fluor 647) the “ON”/”OFF” state is typically short at 0.01 ms, whereas for RSFPs, it is much 
longer at 0.1 ms (124). A theoretical PSF is determined from the users’ input parameters, 
including NA, emitter wavelength, and magnification. Every aspect that may affect the 
resulting bSOFI image is considered, including the exposure time, number of frames, and 
labelling density of the fluorophores. Additionally, the arrangement of the fluorophores can 
be visualised as a 2D image, depending on the pattern distribution, chosen by the user. As 
well as the pre-defined fluorophore distribution patterns to choose from, the user also has 
the option to create their own distribution.  
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Figure 61. Print screen of the SOFI simulation tool user interface. The user inputs experimental 
parameters, including information about the choice of fluorophore, camera settings, and objective 
lens, to generate a simulated dataset of a fluctuating fluorophore, distributed in a chosen pattern.  
 
To check the performance of the SOFI simulation tool, in generating realistic SOFI-processed 
data, the simulated SOFI data was compared against experimental SOFI data. Experimental 
SOFI-processed data, obtained by imaging β-tubulin-Qdot 625 on an epifluorescence 
microscope (100x 1.4NA) at 100 ms and processing 1,000 images (100 frames/second) with 
bSOFI, was compared against data simulated using the same acquisition settings as set in the 
SOFI simulation tool (Figure 62). A high labelling density of Qdots was chosen, to ensure full 
coverage of the Siemens star shape and a minimum bleaching time of 1 s was set, since Qdots 
have negligible photobleaching. The stimulated bSOFI images are comparable to the 
experimental data in terms of structures being better resolved in bSOFI images than wide-
field images, and the apparent degree of artefacts increasing, as the number of orders 
increase. The joining of point emitters that were in close proximity, to form artificial lines, 
was more pronounced in higher bSOFI orders. Here, the number of orders was the 
independent variable, however, it would have been good to compare other parameters, such 
as exposure time. Each time a simulation is run, a different unique dataset is generated, so 
 166 
 
when acquisition settings are changed (e.g. varied exposure times), it is difficult to compare 
the former SOFI simulated image to the present SOFI simulated image. Despite the SOFI 
simulation tool, being a great way to predict a bSOFI output image, based on specific 
acquisition settings, it does have some limitations. For instance, the best magnification 
available in the SOFI simulation tool is 100x 1.4NA, which under samples the object, 
according to Nyquist sampling. Additionally, for the SOFI simulation tool to run, the number 
of fluorophores must not exceed 100,000 and an acquisition rate cannot be faster than 
10,000 frames/s. Due to these restrictions, a 100x 1.4NA objective was selected for both the 
SOFI simulation tool and experimental acquisition on a microscope, which is a lower sampling 
rate than is typically used in SOFI experiments (100x 1.4NA plus a 2.5x magnifying lens). 
Despite less options in terms of controlling the acquisition parameters within the SOFI 
simulation tool, compared to acquiring data on a microscope experimentally, the SOFI 
simulation tool gives realistic SOFI images, which are comparable to experimental SOFI 
images. The SOFI simulation tool can, therefore, be used confidently to test parameters that 
will yield an optimal SOFI image, before going through the process of preparing a sample, 
imaging on a microscope, and SOFI-processing the data. 
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Figure 62.  Simulated bSOFI data compared to experimental bSOFI images.  SOFI simulation tool was 
implemented in MATLAB to generate a high-density labelled Siemens star pattern, consisting of 
10,000 point emitters (emission: 625 nm), which were representative of an optical system (100x 
1.4NA) set up with a 100 ms exposure time (100 frames/s). Wide-field (A) and 2nd, 3rd, and 4th order 
bSOFI simulated images were generated (B-D) from 1,000 frames. ROIs (E-H) were taken for the 
stimulated bSOFI images. Experimental data, acquired with microscope settings matching those set in 
the SOFI simulation tool, was also processed with bSOFI, implemented in MATLAB, to yield an average 
wide-field (I) and 2nd, 3rd, and 4th order bSOFI images (J-L). ROIs were also taken from the experimental 
images (M-P). Scale bar = 20 μm. 
 
4.3 Measuring the PSF of an optical system pre-SOFI processing 
 
All structures appear blurry as they are convolved with the PSF of a conventional wide-field 
microscope, due to the diffraction limit of light. However, there have been ingenious ways 
to improve resolution, from engineering the PSF shape in confocal based super-resolution 
microscopy techniques (STED), to using deconvolution algorithms (Lucy-Richardson), and 
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higher-order statistics approaches (SOFI) (20). A microscopy technique is deemed capable of 
super-resolution if the optical resolution limit of a wide-field microscope is improved by a 
factor of two (298). SOFI reduces the PSF by cross-correlating pixels or mathematically re-
weighting the PSF (299). Before SOFI improves the spatial resolution of wide-field images, by 
decreasing the PSF, the resolution capability of the epifluorescence microscope, used to 
capture images for the post-processing, was determined. The PSF of an optical imaging 
system defines its resolving power, so it is important to detect any aberrations in the 
objective lens, as this can affect image quality. An object always appears much larger than 
its true size, because light from a point emitter is diffracted, which results in ring-like patterns 
around the central brightest spot (centroid), with the outer rings decreasing in fluorescence 
intensity. This Airy disk shape (300) best describes the PSF and can be approximated by fitting 
with a Gaussian function. The PSF can be estimated experimentally by imaging a small 
fluorescent bead and measuring its width (FWHM). Beads, smaller than the attainable 
resolution limit of the optical system (250 nm) are used. The PSF is dependent on the 
wavelength of light emitted from the bead (λ), and the NA of the objective lens used to image 
the bead (10). Theoretical resolution can therefore, be calculated using d = 0.61λ/NA for 
lateral resolution, and d = 2λ/NA2 for axial resolution.  
An experimental PSF of the epifluorescence microscope system (100x 1.4NA), used for most 
of the data acquisition, was determined by acquiring a calibrated (effective pixel size of 160 
nm) z-stack (51 z-positions) of spherical 100 nm red fluorescent beads (excitation: 580 nm 
and emission: 605 nm), considered point sources smaller than the resolving power of the 
microscope, immobilised on a glass coverslip. Although, the majority of structures in this 
work have been labelled with red Qdot-Abs, these were not chosen to estimate the PSF of 
the wide-field imaging system. The size of the Qdot-Abs is not reported by the supplier 
(Thermo Fisher Scientific, UK), although they have been estimated via FCS to be very large: 
of the order of >75 nm (149). Despite the physical size of the Qdot-Abs being large, the 
optical size of a Qdot is small (point emitter). However, Qdots are prone to aggregation and 
their varied sizes may overestimate the true PSF, which is why well contrasted uniform 100 
nm beads were used for the PSF estimation instead. The focal plane was moved through the 
bead, starting at 5 μm above the bead and ending at 5 μm below the bead, using a step size 
of 0.2 μm. Using the orthogonal view in ImageJ, an in-focus xy view (lateral PSF), xz side view 
(axial PSF), and yz side view (axial PSF), of the bead were obtained (Figure 63). As expected, 
when the bead was in focus and viewed laterally, it was circular, whereas when it was viewed 
axially, it was symmetrically elongated. A 36 pixels-by-36 pixels ROI was selected at the z-
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position where the bead was most in-focus. A line was drawn through a single bead and the 
plotted intensity profile of its PSF fitted with a one component Gaussian in MATLAB 
(MathWorks Inc., USA), to calculate its FWHM, as a measure of the optical system’s 
resolution capability (FWHM ≈ 0.353λ/NA or FWHM ≈ 2√2𝑙𝑛2 ∗ 𝜎). Although, the beads are 
known to be 100 nm, due to diffraction limit of light, the beads were expected to appear 
>250 nm. Theoretical lateral resolution (Airy disk diameter ≈ 0.61λ/NA) for the 100 nm red 
fluorescent bead (Emission of 605 nm), imaged on a wide-field microscope with 100x 1.4 NA 
oil immersion objective, was calculated to be 264 nm (xy), whereas the actual experimental 
FWHM of the PSF was in the order of 597 nm (FWHM ≈ 2√2𝑙𝑛2 ∗ 𝜎). According to the 
literature, if a high-NA objective lens is used, an experimental measurement of the beads 
should yield a PSF value within 10-40% of the theoretically calculated PSF (10). The larger 
than expected FWHM value (597 nm), in relation to the theoretical resolution (264 nm), may 
be as a result of noise, imperfections in the wide-field imaging system, including aberrations 
in the objective lens.  
 
 
Figure 63. Representative experimental FWHM measurement of a red 100 nm bead. A z stack of 100 
nm red fluorescent beads (emission maxima of 605 nm) was imaged on an epifluorescence microscope 
(100x 1.4NA) and a ROI for the z-position where the bead was most in focus (A). Using orthogonal 
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view in ImageJ, a lateral PSF was imaged as a front xy view (B), an axial PSF as a side xz view (C), and 
axial side yz view (D). PSF profile and Gaussian fit (E). Effective pixel size is 160 nm. ROI = 36 pixels-by-
36 pixels. FWHM of red ROI bead was measured to be 597 nm (FWHM ≈ 2√2𝑙𝑛2 ∗ 𝜎). Theoretical 
resolution, based on beads emitting at 605 nm when imaged at 100x 1.4 NA (0.61λ/NA) = 264 nm. 
N=1 bead. Scale bar = 20 μm.  
 
As well as estimating an empirical PSF, by calculating the FWHM of a small 100 nm red 
fluorescent bead manually, a theoretical PSF and an experimental PSF was also automatically 
determined for the same optical system and 100 nm red fluorescent bead z-stack dataset 
using PSFGenerator, a MetroloJ ImageJ plugin (253). To run the MetroloJ plugin, the type of 
microscope (wide-field), emission wavelength of the beads (605 nm), and NA of the 100x oil 
immersion objective lens (1.4 NA) was input into the software. From the plugin, a report was 
generated, including xy, xz, and yz maximum intensity projections, theoretical resolutions, 
and plotted Gaussian profiles. Although, theoretical lateral resolution (0.61λ/NA) in x, y and 
axial resolution (2λ/NA2) in z was determined to be 264 nm and 617 nm, respectively, these 
were much lower than the automatically calculated FWHM values of 424 nm in x, 492 nm in 
y, and 1086 nm in z, with the MetroloJ ImageJ plugin (Table 11). A lower theoretical 
resolution than empirical PSF was predicted since this does not take into account any 
imperfections in the optical setup and assumes ideal conditions, with no noise. As expected, 
the spatial resolution in xy was also much better than in xz and yz. Despite discrepancies 
between theoretical and calculated resolution, it is important to determine the PSF 
experimentally for the correct application of deconvolution algorithms. However, the 
experimental PSF estimation, determined by manually calculating the FWHM of a bead from 
a one-component Gaussian fit in MATLAB (597 nm), differed from the automatically 
calculated FWHM value using the MetroloJ ImageJ plugin (424 nm). Although both were 
fitted with a one-component Gaussian function, MetroloJ yielded a narrower curve, which 
resulted in a lower FWHM value. The MetroloJ plugin, however, uses a maximum intensity 
projection for the FWHM calculation, rather than an in-focus bead in a single z-position, 
which was used for the manual FWHM calculation in MATLAB. Due to differences in 
theorectical resolution and experimentally determined resolution, it is important to measure 
the PSF of the optical system, which will be used to acquire data for SOFI-processing, so that 
subsequent deconvolution algorithms can be applied and also the resolution enhancement 
with SOFI can be accurately estimated.  
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Red 100 nm Beads 
(100x 1.4NA) 
Calculated 
FWHM 
Theoretical 
Resolution 
x 424 nm 264 nm 
y 492 nm 264 nm 
z 1086 nm 617 nm 
 
Table 11. Generated PSF of a 100 nm bead using PSFGenerator, a MetroloJ ImageJ plugin. Red 100 
nm fluorescent beads were imaged on an epifluorescence microscope (100x 1.4NA) and 51 z-positions 
recorded from 5 μm below and above the bead, using a step size of 0.2 μm. A ROI bead was cropped 
and the resulting z-stack input into the PSFGenerator, a MetroloJ ImageJ plugin, which automatically 
calculated the FWHM of the bead and its theoretical resolution in x, y, and z. Spatial resolution in xy 
is better than in xz and yz.  
 
4.4 Lucy-Richardson deconvolution applied to SOFI images 
 
Using an experimentally determined PSF, a Lucy-Richardson deconvolution algorithm was 
applied to a SOFI image, to further enhance structural information within the image. 
Computational methods, such as deconvolution, have been applied to images to increase 
contrast. Although, applying a deconvolution algorithm to images, does not improve 
resolution per se, it does enhance the contrast and enables structural features to be better 
characterised (301). Deconvolution is often used to improve the appearance of conventional 
wide-field images, as a cheaper alternative to using confocal microscopy, because it also 
removes out-of-focus light (302). Additionally, deconvolution has been used to further 
improve super-resolution images, including those obtained using STED and SOFI (93). 
Deconvolution algorithms can consist of either de-blurring, restorative, or blind 
deconvolution processes (303). An experimental or theoretically calculated PSF is required 
for restorative deconvolution, where an estimation of what the blurred microscope image 
should look like pre-convolved with the PSF is obtained. The input image, obtained from the 
microscope, is compared to the estimated convolved image many times, until the user 
deems the two images similar in appearance, which is highly subjective. Unlike de-blurring 
deconvolution, out-of-focus light is not removed, but is instead re-assigned to its original 
positon, which reduces noise in the image (91). Restorative blind deconvolution, works on 
the same principles as restorative deconvolution, by applying a filter to convolve the image, 
except the PSF is not experimentally determined (303). Assuming a Poisson noise distribution 
in the images, restorative deconvolution, such as Lucy-Richardson and Wiener filtering, are 
 172 
 
the most effective deconvolution techniques, because they use an experimental PSF to 
increase their performance. An experimental PSF is important for optimal Lucy-Richardson 
deconvolution, because it describes the response of an optical system, so if there are any 
aberrations in the objective lens, these can be corrected for by the algorithm, to ensure that 
the object is not misrepresented.  
Many different deconvolution softwares are commercially available, including the Huygens 
deconvolution package, but these can be expensive and are often black-box approaches. 
Alternatively, a built-in version of Lucy-Richardson deconvolution is available in the MATLAB 
imaging toolbox and has been incorporated into the bSOFI algorithm. Lucy-Richardson 
deconvolution assumes that there is Poisson noise in the image, but SOFI images contain 
cumulant values and not Poisson noise. Therefore, the Lucy-Richardson deconvolution 
algorithm is applied after bSOFI-processing to correct for any large differences in molecular 
brightness rather than remove noise, because this should have already been removed during 
the processing (93). Here, the performance of the restorative deconvolution method Lucy-
Richardson on SOFI Localizer data was assessed for different iterations, using the original 
open-source DeconvolutionLab2 ImageJ plugin (20). After SOFI-processing of β-tubulin-Qdot 
625 up to 2nd order, using Localizer, implemented in MATLAB, the image was further 
processed with the non-linear iterative deconvolution algorithm, Lucy-Richardson using the 
DeconvolutionLab2 ImageJ plugin with 5-20 iterations (standard is 10 iterations). Iteration 5 
gave the best deconvolved SOFI image, whilst >20 iterations gave artefacts, where there 
appeared to be saturation in brightness at the borders of the processed images (Figure 64).  
Logically, the more iterations that were tried, the higher the computational time, but this did 
not yield the best attainable deconvolved images. The appearance of artificial bright wavy 
border patterns, known as ringing, mainly around the edges of the images, is likely due to an 
inaccurate estimation of the PSF, when the signal is Fourier transformed (124, 94). In 
addition, deconvolution is unable to detect uneven illumination in images, as a result of the 
mercury arc lamp flickering during image acquisition (302). Ringing can be corrected to a 
degree, by Fourier-re-weighting the images (88). Lucy-Richardson deconvolution works 
better on super-resolved images (85), where the SNR is high and there is a high number of 
frames (116). If Lucy-Richardson deconvolution is to be applied to SOFI images, it is best to 
avoid the use of higher-SOFI orders, because the number of ringing artefacts increases as the 
SNR decreases with successive SOFI orders (124). Adaptations to the Richardson-Lucy 
deconvolution algorithm are still under development for use on higher-order SOFI images. In 
conclusion, visually, there was not much difference between the SOFI-processed image and 
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the application of Lucy-Richardson deconvolution, so it was decided not to apply this extra 
processing step to future SOFI-processed images, to prevent the possibility of introducing 
artefacts into the image.  
 
Figure 64. Testing Lucy-Richardson Deconvolution on 2nd order SOFI images. Wide-field images of β-
tubulin-Qdot 625 (A) were acquired on an epifluorescence microscope (100x 1.4NA plus 2.5x 
magnifying lens) at 100 ms and SOFI-processed to 2nd order using Localizer software, implemented in 
MATLAB (B). After SOFI-processing, these images were further processed with the deconvolution 
algorithm Lucy-Richardson in the DeconvolutionLab2 ImageJ plugin (C-E). ROIs are shown for different 
iterations 5-20 (F-H). The worst deconvolved SOFI image was at 20 iterations (H) and the best 
attainable deconvolved SOFI image was at 5 iterations (F). Scale bar = 20 μm.  
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4.5 SOFI compared to other super-resolution techniques 
 
Some super-resolution techniques complement others, and although SOFI has better 
temporal resolution than PALM and STED, it cannot achieve the same spatial resolution 
(116). By applying different processing algorithms to the same dataset, additional details 
about the biological structure can be revealed. To date, SOFI has been combined with several 
microscopy techniques, including SIM (117), PALM (116), STORM (114, 120), FCS (113), 
Förster resonance energy transfer (FRET) (283), AFM (45), and LSFM (32). To demonstrate 
and compare the resolving capability of different super-resolution techniques, β-tubulin, in 
fixed HeLa cells, was imaged using a variety of super-resolution methods, including dSTORM, 
SIM, STED, SOFI and SRRF (Figure 65). All of the super-resolution techniques used here have 
advantages as well as disadvantages associated with their use, as mentioned previously 
(Chapter 1), so often trade-offs between resolution, FOV, and speed are accepted as a 
compromise. Depending on the technique used, β-tubulin was labelled with either Alexa 
Fluor 647 (SIM and dSTORM), Abberior STAR 580 (STED), or Qdot 625 (SOFI and SRRF). For 
STED imaging, a Leica TCS SP8 STED 3x microscope (100x 1.4NA) was used to acquire a z-
stack of β-tubulin-Abberior STAR 580 and the resulting STED image post-processed with 
Huygens deconvolution software (data kindly acquired by Peter Hemmerich at the imaging 
facility in the Leibniz Institute on Ageing, Fritz Lipmann Institute, Jena, Germany). The 
deconvolved STED image was displayed as a maximum intensity z projection. dSTORM 
imaging was done on the Zeiss Elyra P.S.1 system (63x 1.4 NA plus additional FOV lens: TIRF-
UHP), where a freshly prepared imaging buffer, containing the thiol MEA (pH 9) and 10 nM 
NaOH, was added to fixed β-tubulin-Alexa Fluor 647 (sample kindly provided by Carl Zeiss 
Microscopy GmbH, Jena, Germany) prior to acquisition. For sufficient single molecule 
blinking, needed for dSTORM, a stack of 30,000 images was acquired with 100% of a 150 mW 
642 nm laser and 0.5% of a 50 mW 405 nm at 30 fps in laser wide-field mode. dSTORM-
processing was done in ZEN software, using the measured PSF. Furthermore, to obtain a SIM 
image of β-tubulin, a z-stack (10 positions) of β-tubulin-Alexa Fluor 647 was acquired with a 
1% of a 150 mW 642 nm laser at 100 ms on the Zeiss Elyra P.S.1 system using 5 rotations. 
SIM-processing was done in ZEN software and a maximum intensity z projection was 
performed on the raw data in ImageJ. For SOFI and SRRF post-processing, 1,000 frames of β-
tubulin-Qdot 625 was acquired on a laser wide-field system (100x 1.4NA) at 33 ms (~30 fps). 
Second order SOFI-processing was done with Localizer, implemented in MATLAB, whilst 
SRRF-processing was done with the ImageJ plugin NanoJ-SRRF.  
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All of the super-resolution techniques tried, yielded thinner β-tubulin fibres than in the 
conventional images, but with some skeletonised artefacts for SIM and SRRF, as a result of 
drift and use of a small ring radius, respectively. A 2nd order SOFI image should obtain the 
same resolution as SIM (factor of 2) (50), but here, the resolution for SOFI looks more like a 
factor of √2 using the Localizer implementation. Owing to the nature of the technique, β-
tubulin fibres in the dSTORM image are discontinuous, compared to the more continuous 
fibres in the SOFI-processed image, even though a higher number of frames was used for 
dSTORM (30,000 frames) than SOFI (1,000 frames). Despite SOFI and dSTORM relying on the 
photoswitching of fluorophores, dSTORM requires a high laser power, whereas SOFI can be 
performed on data acquired with a low power mercury arc lamp or LED, which may account 
for some photobleaching in the resulting dSTORM image. Similarly, STED also needed a high 
laser power to achieve a reasonable super-resolution image. Nevertheless, all five super-
resolution techniques have been successfully used to resolve β-tubulin visually, to a different 
degree. The resolution enhancement could not be quantified and compared for each super-
resolution technique, because a different sample was used on multiple imaging systems. 
Essentially SRRF and SOFI could have been performed on the same dataset used for dSTORM-
processing (120). Furthermore, these super-resolution approaches were tried in fixed cells, 
so to fully replace other microscopy methods such as TEM, for the imaging of structures 
below the nanoscale, these would need to be adapted for artefact-free live cell imaging. Out 
of all of the techniques, SOFI, SRRF, and SIM are thought to be best suited for live cell 
imaging, through the use of fluorescent proteins. Another interesting approach would be to 
image biological structures with both SOFI and TEM. Proteins of interest in live cells can be 
labelled with Qdot-nanobodies, through microinjection, and imaged on a fluorescence 
microscope for SOFI-processing. Using a gridded dish, the same area of Qdot-nanobodies 
that was imaged with fluorescence microscopy, for SOFI-processing, can be imaged with TEM 
by fixing the sample, to provide a high-resolution image of the architecture of structures 
surrounding the proteins of interest. This combined approach with TEM has been used 
previously to validate dSTORM (61). Although, TEM has a better spatial resolution than 
dSTORM, it cannot image thick samples or use multiple different coloured probes, except 
few different sized metal cores that can be discerned (114). Although, the spatial resolution 
of dSTORM is superior to SOFI, these two super-resolution techniques have been combined, 
because unlike SOFI, dSTORM is prone to narrowing artefacts, due to overlapping 
fluorophores, which can result in underestimation of a structure’s width (114). Based on 
observations reported in the literature and data presented here, it is clear that although all 
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of the super-resolution techniques removed out-of-focus light, to give a sharper, more-
contrasted image than with conventional microscopy, in agreement with other researchers, 
there was variation in the thickness and continuity of microtubules, so to achieve an optimal 
super-resolution image, the best features of each technique should be combined. 
 
Figure 65. Comparison of super-resolution techniques. To compare different super-resolution 
techniques, β-tubulin was labelled with Alexa Fluor 647 (A-F), Abberior STAR 580 (G-I), and Qdot 625 
(J-O). Sample used for images A-C was kindly provided by Carl Zeiss Microscopy, Jena, Germany. 
Conventional images (A, D, J, and M) were acquired with laser wide-field systems, except (G), which 
was taken on a confocal microscope. Corresponding super-resolution images are shown: dSTORM (B), 
SIM (E), STED (H), SOFI (K), and SRRF (N), along with ROIs (C-O). N=1cells. Scale bars = 20 μm. 
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4.6 Obtaining three-dimensional SOFI data 
4.6.1 Applying SOFI to light-sheet data 
 
To increase temporal resolution, SOFI has been combined with LSFM (32), since SOFI is able 
to achieve a high-resolution image in 1.25 s (97). LSFM, or SPIM, as it is otherwise known, is 
typically used to acquire images of large organisms, such as Drosophila melanogaster (28, 
29). However, due to the broad sheet of light providing poor depth penetration into thick 
tissue samples, and limited temporal resolution, LSFM can be combined with SOFI, to yield 
images with better optical sectioning and spatio-temporal resolution (32). Other benefits of 
using LSFM include its fast acquisition, through capturing pixels simultaneously on a sCMOS 
camera, and high SNR with respect to wide-field microscopy, since the sheet of light only 
illuminates a section of the sample (304). Applying SOFI to LSFM is predicted to improve the 
SNR further, whilst maintaining a large FOV.  
Here, SOFI was applied to light-sheet data (light-sheet-SOFI). On loan from Carl Zeiss 
Microscopy, a specialised sample holder comprising of tweezers was used to suspend a 5 
mm x 5 mm coverslip (305) for imaging cell monolayers on the light-sheet Z.1 (Figure 66A). 
Although, care was taken to ensure that the surface area of the micro-sized coverslips was 
completely covered with antibodies, often the edges of these small coverslips were better 
labelled, than the core of the coverslip for reasons unknown. To prevent drift in the sample 
acquisition, which would negatively affect the correlations for SOFI-processing, the 
incubation of the light-sheet was set to RT for 1 h before acquisition. As previously, β-tubulin 
was labelled with Qdot 625 by indirect immunofluorescence and imaged with 100% of a 20 
mW 561 nm laser with the coverslip at a 45 ° angle to the detection objective. After 
acquisition of a 1,000 frame stack of β-tubulin-Qdot 625 on the light-sheet, at four different 
z positions (discrete steps), these were SOFI-processed. In order to image as close to Nyquist 
sampling as possible, a 40x 1.4NA detection objective with maximum zoom was used. Due 
to the nature of a light-sheet, only part of the cell was in-focus at each z position, so after 
SOFI-processing a maximum intensity projection of the z-stack was taken in ImageJ in order 
to display an in-focus cell (Figure 66). Through optical sectioning, a 3D light-sheet-SOFI image 
was reconstructed. To extract further information, a pseudo colour-code could be added to 
this maximum z-projection, to indicate where the Qdots are in the sample. It was clear that 
the out-of-focus light had been removed in the 2nd order SOFI image, to yield a high SNR 
light-sheet-SOFI image, however, this resulted in a loss of information, due to the removal 
 178 
 
of dim fluorophores during the processing (Figure 67D). Resolution improvement obtained 
with light-sheet-SOFI was quantified by taking a line scan through a β-tubulin-Qdot 625 fibre 
in both the average wide-field and SOFI-processed images (Figure 67). Data were plotted and 
a Gaussian curve fitted to the data. The width of the Gaussian (FWHM) was narrower for the 
SOFI image than the average wide-field image. An 18 % decrease in FWHM was achieved for 
the 2nd order SOFI image. The width of the conventional light-sheet used here was too thick 
(approximately double the depth focus of the 40x 1.4NA detection objective) to fully benefit 
from SOFI, so the resolution attainment of the complementary pairing of light-sheet-SOFI 
could be further improved using a lattice light-sheet, which creates an ultra-thin sheet of 
light (31). 
 
Figure 66. Combining light-sheet and SOFI. Button at the top of the light-sheet sample holder (A) is 
used to open and close the tweezers at the base, where a 5mm x 5 mm coverslip is clamped at a 45° 
angle and suspended in the water-filled chamber facing the detection objective. HeLa cells were fixed 
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with methanol and β-tubulin labelled with Qdot 625 by indirect immunofluorescence on a 5 mm x 5 
mm glass coverslip and Qdot fluctuations acquired over 1,000 frames at 4 different z positions (0.5 
μm step) on a Z.1 LSFM (40x 1.0 NA detection objective plus maximum zoom, 2 illumination 10x 0.2 
NA objectives). Each stack was SOFI-processed using Localizer, implemented in MATLAB, and the 
average wide-field (B-E) and SOFI (F-I) images concatenated into z stacks in ImageJ. Maximum intensity 
projections were taken of the z stacks to reconstruct the entire cell in the average wide-field image (J) 
and SOFI-processed image (K). Scale bar = 10 μm.  
 
 
Figure 67. Quantifying the resolution improvement of light-sheet-SOFI. Maximum intensity 
projections of the average wide-field (A) and SOFI-processed (B) images from Figure 66 were 
quantified. Line scans were taken through a β-tubulin-Qdot 625 fibre in the red ROI for the average 
wide-field image (C) and green ROI for the SOFI-processed image (D). Data was plotted and a Gaussian 
curve fitted to the data. Scale bar = 10 μm.  
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4.6.2 Reconstructing a 3D SOFI image through taking z-stacks 
 
As shown previously, by combining LSFM with SOFI, a 3D SOFI image can be reconstructed 
by taking 2D image z-stacks. LSFM already gives improved SNR compared to wide-field 
microscopy, prior to SOFI-processing, due to the optical sheet of light providing less out-of-
focus light to the sample. To appreciate the optical sectioning ability of SOFI, z-stacks were 
taken on an epifluorescence microscope with more out-of-focus light and SOFI-processed. 
Although, 3D super-resolution imaging has been achieved with several methods including 
SIM (57), STED (306), and STORM (16), it is still a challenge for live cell imaging, due to high 
laser powers and the use of antibodies, which requires fixation. However, resolution can be 
improved in all three directions, in live cells, through the exceptional optical sectioning ability 
of SOFI using RSFPs (105). The imaging of thick tissue samples will also benefit from using 3D 
SOFI (86). A 3D SOFI image has been reconstructed by acquiring stacks of images at different 
z-positions (optical sections) sequentially and calculating 2D cross-cumulants (85, 86, 105). 
Simultaneous acquisition of different z-positions has also been achieved by calculating 3D 
cross-cumulants (161). Here, information was obtained in all three directions, by labelling β-
tubulin with Qdot 625 using indirect immunofluorescence and acquiring 1,000 frame stacks 
sequentially on a wide-field system (63x 1.4NA plus 1.6x magnifying lens), at 10 different z-
positions from 0-4.5 μm in 0.5 μm increments. Each z-position stack of 1,000 frames was 
SOFI-processed by calculating 2D cross-cumulants with Localizer, implemented in MATLAB, 
and a SOFI z-stack reconstructed to provide an average intensity projection, representing a 
3D SOFI image (Figure 68). To extract further information, depth colour coding (LUT Rainbow 
RGB) was added to these maximum z-projections in ImageJ, to indicate how deep (0-4.5 µm) 
the Qdots, labelling β-tubulin, were in the sample (Figure 69). Here, a sCMOS camera was 
used for the acquisition of β-tubulin-Qdot 625, because sCMOS cameras have more 
numerous, yet smaller pixels than an EMCCD camera, so it was expected to yield a slightly 
better resolved SOFI image (26). Resolution improvement along the optical axis can be 
determined by taking a cross-section through xz, although, in this case it was not necessary 
to estimate the resolution enhancement, because it was visually apparent that the optical 
sectioning had improved with SOFI, through colour-coding the different z-positions. 
Substantial out-of-focus light had been removed by acquiring z-stacks, as shown by the less 
hazy signal in the colour-coded projection of 2nd order SOFI, compared to the average wide-
field image. Although, the 2nd order SOFI image revealed more depth information, of the 
Qdots at different z-positions, weak structures were not well-displayed in the 2nd order SOFI-
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processed image (Figure 69). Nevertheless, the improved optical sectioning of SOFI, which 
reveals additional 3D information about a structure of interest, compared to wide-field 
microscopy, is worth compensating for the loss of some lower emitting fluorophores. 
 
Figure 68. Optical sectioning capability of SOFI. Ten 1,000 frame stacks of β-tubulin-Qdot 625 were 
taken at different z-positions in 0.5 μm increments (63x 1.4NA plus 1.6x magnifying lens) and each 
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stack SOFI-processed up to 2nd order with Localizer, implemented in MATLAB. Average wide-field (A-
J) and SOFI-processed (K-T) images are shown for each z stack. Average intensity projection for wide-
field (U) and SOFI (V) images were used to reconstruct 3D information, with corresponding ROIs (W 
and X) shown. Scale bar = 20 μm.  
 
 
Figure 69. Depth colour-coded optical sectioning of SOFI. The depth-coded option (LUT Rainbow RGB) 
in the open-source software ImageJ was applied to an average wide-field z-stack (A) and 2nd order 
Localizer SOFI-processed z-stack (B). A colour from blue (0 μm) to magenta (4.5 µm) was applied to 10 
different z-positions. Scale bar = 20 µm.  
 
4.6.3 Three-dimensional SOFI using PRILM 
 
Optical sectioning by taking z-stacks, above and below the focal plane, reduces out-of-focus 
light, but extended information about the axial (z) position of the Qdot, can be encoded in 
the PSF, to yield an improved 3D super-resolution image. There are different approaches to 
3D super-resolution microscopy, including through astigmatism by adding a cylindrical lens 
into the light path (16, 307, 265), creating a double-helix PSF (308), using a phase retrieval 
instrument with super-resolution microscopy (PRISM) (309), by combining multiple 
defocused planes (310), and by engineering the PSF of an optical system using PRILM (17). 
The principle of using PRILM to obtain a 3D SOFI image has already been used in SMLM 
techniques, including dSTORM, implemented in the Carl Zeiss Microscopy GmbH Elyra PS.1 
system (3D PALM slider). Essentially, the PSF is split into two equal lobes by inserting a phase 
ramp, in the form of an angular cylindrical shaped glass (akin to a DIC prism slider), across 
half of the pupil of an objective lens (after the sample). The angle of the phase ramp can be 
adjusted to bring the lobes closer together or further apart (17). The lobes can rotate around 
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an axis in opposite directions when defocused to distort the PSF (17). For this PRILM 
approach, a different SOFI algorithm, involving the calculation of additional 3D cross-
cumulants, is required. Although, a 3D SOFI implementation is not yet freely available, for 
this work, an implementation being developed by Carl Zeiss Microscopy GmbH was validated 
whilst on an industry placement (Jena, Germany). β-tubulin was labelled with Qdot 625 by 
indirect immunofluorescence and 1,000 frames acquired on a wide-field system (63x 1.4NA 
plus 1.6x magnifying lens) at 30 fps (33 ms exposure time), in the presence of a 1.5’ wedge 
angle phase ramp. The phase ramp was used to split single Qdots in half, so that the β-tubulin 
structures appeared doubled (Figure 70). When the 3D cross-cumulants algorithm was 
applied to the dataset, the singular lobes were reformed, so that doubled β-tubulin 
structures were collapsed into single structures, before the reconstruction of a 3D SOFI 
image from the different z-positions was implemented. From experience, if over-sampling is 
used, this must be taken into consideration when calculating higher-order 3D cross-
cumulants, otherwise instead of two lobes collapsing into one lobe, an intermediate lobe 
would appear (total of 3 lobes). Inclination angle of the left and right lobes, were also 
incorporated into the 3D cross-cumulant algorithm, along with the number of cross-
correlations, as already included in 2D SOFI algorithm. As well as achieving 3D SOFI images 
through engineering the PSF and encoding depth information, the issue of multicolour 
images requiring sequential imaging or multiple cameras, can also be tackled by directly 
encoding spectral information (colour) into the PSF (18). When two proteins, labelled with 
different coloured fluorescent probes, are in close proximity, their PSFs will evidently 
overlap, which is a nuisance for fitting localisation based techniques, but not a concern for 
SOFI (311). The PSF can be re-shaped for different wavelengths (different coloured 
fluorescent probes) by applying different optical masks, which shifts the PSF laterally in 
either the x or y directions, for green and red fluorescent probes, respectively (18). Here, PSF 
engineering, through the use of PRILM, was used to obtain additional information about the 
z-position of Qdots labelling β-tubulin, which can be used to reconstruct a 3D SOFI image. 
Using a 3D cross-cumulant algorithm, the doubled β-tubulin microtubules, due to the 
addition PRILM, were reformed into single SOFI-processed fibres.  
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Figure 70. SOFI-processing using PRILM. Fixed HeLa cells were labelled with a β-tubulin primary 
antibody and a Qdot 625 secondary antibody by indirect immunofluorescence. A stack of 1,000 frames 
were imaged over time on an epifluorescence microscope (63x 1.4NA plus a 1.6x magnifying lens) at 
30 fps, with and without a 1.5’ wedge angle phase ramp (1.5 phase ramp). A stack of images without 
a phase ramp was SOFI-processed up to 2nd order using a custom-written 2D cross-cumulants code, 
implemented in ZEN, to yield an average wide-field image (A) and SOFI image (B). Cyan and magenta 
ROIs, from the no phase ramp average wide-field and SOFI images respectively, show single Qdots and 
single β-tubulin fibres (C & D). The stack of images with a phase ramp added was also SOFI-processed, 
but with a custom-writted 3D cross-cumulants code in ZEN, to yield an average wide-field image (E) 
and SOFI image (F). Red ROI from the average wide-field shows doubled structures (red arrows), 
where the PSF has been split into two lobes through the addition of a phase ramp (G), whereas the 
green ROI of the SOFI image, shows singular structures, where the singular lobes have been reformed 
(H). Scale bar is 10 μm.  
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4.7 Evaluation of current SOFI implementations 
 
After comparing different SOFI implementations to other super-resolution microscopy 
techniques, currently available as either an open-source platform or as a commercial setup, 
it is clear that one approach does not fit all biological applications. The Localizer 
implementation of SOFI is easy-to-use and provides a raw SOFI image, whereas the bSOFI 
implementation is less intuitive and prone to artefacts, as a result of further deconvolution. 
Despite this, both implementations yield better resolved images than wide-field microscopy, 
but both suffer from artefacts using higher-orders. Each super-resolution technique has 
associated advantages and disadvantages, where there must be a trade-off between 
acquiring images at a fast speed and obtaining a high-resolution image. Although, SOFI does 
not match the resolution improvement attainable by other super-resolution methods, such 
as dSTORM, out-of-focus light removal alone could be beneficial for retrieving biological 
structures that would otherwise be lost with wide-field microscopy. An ideal 3D super-
resolution technique also does not exist, so a combination of SOFI with other super-
resolution methods is a viable compromise. Although, SOFI was applied to light-sheet data 
here, further resolution enhancement could be achieved using a lattice light-sheet, which 
benefits from having a thinner sheet of light. SOFI certainly will not make other super-
resolution microscopy techniques obsolete, but rather complement them, in unravelling 
complex biological problems, which would otherwise remain unsolved with conventional 
wide-field microscopy. From a user’s perspective, the interface of Localizer was more user 
friendly than bSOFI, and it can perform more functions, such as dSTORM analysis. Since the 
Localizer implementation gives more of a raw SOFI image, than bSOFI, with less artefacts, it 
was decided to use the Localizer algorithm, without any further deconvolution step, for the 
post-processing of structures, to address several biological questions (Chapter 5). Regardless 
of the super-resolution technique used, artefacts in images is a major concern, because they 
may lead to a misinterpretation of information about a biological system. Here, all of the 
known quantitative methods was used to assess the quality and resolution of SOFI images, 
including the conventional line profile FWHM determination of resolution enhancement, FRC 
calculation, SNR estimation, and NanoJ-SQUIRREL. Although, there is currently no universally 
accepted way amongst the microscopy community, to definitely determine the resolution 
and quality of a SOFI image, it is worth using all of the quantitative methods, because each 
one provides different information about the super-resolution image.  
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Chapter 5: Exemplar SOFI applications 
 
For biologists to apply SOFI to specific biological questions requires a collaborative network 
in terms of chemists to supply the fluorescent probes that blink on a suitable timescale for 
SOFI, physicists to develop the optical platforms, and mathematicians to provide the 
computational algorithms (51). Although, many biological structures have been resolved 
with SOFI, few publications use SOFI to address specific biological questions. This chapter 
aims to utilise available fluorescent probes and apply the Localizer SOFI implementation to 
resolve proteins of interest.  
 
5.1 Investigating HIF-2α interactions using super-resolution microscopy 
 
HIFs are essential to regulating oxygen homeostasis, through the transcription of key genes, 
such as VEGF. Since HIF isoforms have important implications in physiological and 
pathological conditions, including cancer metastasis and wound healing, it is crucial that their 
role in the adaptation to hypoxia (low oxygen) is better understood (172). Using microscopy, 
it was previously established that the nuclear localisation of the transcription factor HIF-2α 
differs from the other HIF isoform, HIF-1α (185). The distribution of HIF-2α was in speckles 
during hypoxia and normoxia, whereas HIF-1α was more homogenous, and only present 
under hypoxic conditions (185). Furthermore, HIF-2α speckles have also been shown to co-
localise with active transcription sites, such as Phospho Ser5 RNA Pol II (186). All of the 
aforementioned results were obtained using low-resolution wide-field or confocal 
microscopy. Although, co-localisation may exist with conventional microscopy techniques, 
due to the diffraction limit of light, the two interacting proteins, HIF-2α and Phospho Ser5 
RNA Pol II, may be discerned with super-resolution microscopy to instead show no co-
localisation between them. HIF-2α and associated proteins could have been imaged at high-
resolution with EM, but this requires laborious fixation protocols to prevent artefacts and 
two-colour EM is challenging. It is hoped that by super-resolving HIF-2α, a better 
understanding about the role of HIF-2α within hypoxia will be achieved. The main aims 
therefore, were to better differentiate HIF-1α and HIF-2α in terms of sub-nuclear 
localisation, specifically determine HIF-2α localisation in speckles using super-resolution 
approaches, and assess the impact super-resolution imaging has on the co-localisation of 
resolved HIF-2α with potential binding partners, such as Phospho Ser5 RNA Pol II. Prior to 
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doing super-resolution co-localisation, different fluorescent probes were assessed for use 
with SOFI, including the creation of molecular tools (HIF-2α-Skylan-S). Other super-resolution 
approaches were also explored, including Airyscan and SRRF, which after some two-colour 
optimisation, were found to be the best methods for co-localisation studies. The objectives 
of this collaboration were therefore to measure the size and number of super-resolved HIF-
2α speckles, as well as to quantify, from super-resolved images, any co-localisation with 
known binding partners. 
 
5.1.1 Resolving HIF-2α with SOFI 
 
Interestingly, most of the super-resolution publications demonstrate resolution 
enhancement of filamentous structures, such as β-tubulin, rather than the arguably more 
interesting nuclear proteins. To date, the transcription factor HIF-2α has not yet been 
resolved using super-resolution microscopy. As previously mentioned, nuclear proteins, 
including HIF-2α, could not be labelled with Qdots (Section 3.2.3 Evaluation of Qdot-
conjugated antibodies for immunofluorescent labelling). Instead, to achieve a SOFI image, 
HIF-2α was cloned into the monomeric RSFP Skylan-S (kindly provided by Pingyong Xu, 
Institute of Biophysics, Chinese Academy of Sciences, Beijing), as this protein gave a higher 
resolution than Dronpa when switched between a fluorescent and non-fluorescent state 
using laser illumination (106). When HIF-2α-Skylan-S was transfected into HeLa cells and 
imaged with wide-field microscopy, it was fluorescent and gave the typical speckle-like 
localisation of HIF-2α in the nucleus, as expected (185). To obtain a SOFI-processed image of 
HIF-2α-Skylan-S, a time series stack (30 ms exposure time) of images was acquired and post-
processed to second order using Localizer (89). It was hypothesised that the size of the HIF-2α 
speckles would be smaller in the SOFI-processed image compared to the wide-field image, 
and therefore better resolved. It was also assumed, as a result of previous fluorescence 
recovery after photobleaching (FRAP) experiments (185), that HIF-2α is free to move within 
the nucleus and there is protein exchange between the speckles, so this signal was not 
expected to be removed after SOFI-processing. FRAP makes use of photobleaching by 
recording, over time, the diffusion of other fluorescent molecules into the region that has 
been bleached. Although, the SOFI-processed image of HIF-2α-Skylan-S had overall better 
SNR than the wide-field image, out-of-focus light between the speckles had been removed 
completely, suggesting that the signal was highly uncorrelated and, therefore, may be 
negligible protein between the speckles. To check for any resolution improvement there in 
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the SOFI-processed image, a line profile was plotted for both the wide-field image and the 
SOFI-processed image. An increase in the number of intensity peaks in the line profile, is 
indicative of a resolution improvement (Figure 71). Treating a speckle as a point emitter, a 
mean 19 % decrease in FWHM for the SOFI-processed HIF-2α-Skylan-S image, compared to 
the average wide-field HIF-2α-Skylan-S image (N=10 speckles) was calculated. Since wide-
field HIF-2α speckles are in different focus planes, the photoswitching of Skylan-S was 
masked, so there were some missing structures in the SOFI-processed image, as SOFI was 
unable to appropriately reconstruct the speckles. Here, SOFI-processing would benefit from 
taking a z-stack or using a spinning disk confocal to recover the missing speckles (312). 
 
 
Figure 71. SOFI-processed exogenous HIF-2α-Skylan-S. Fixed HIF-2α-Skylan-S was imaged (100x 1.46 
NA), in epifluorescence mode, with 50% of a 30 mW 488 nm at 10 ms.  A 1,000 frame stack was 
processed to 2nd order SOFI with Localizer. A line profile was plotted in MATLAB for the wide-field 
image in green (A) and SOFI-processed HIF-2α-Skylan-S image in red (B). Scale bar = 5 μm.  
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After successfully SOFI-processing HIF-2α-Skylan-S in fixed cells, it was subsequently imaged 
in living cells in an attempt to obtain dynamic information about HIF-2α, at higher resolution 
than previously reported (185). SOFI-processing HIF-2α-Skylan-S in live cells, would also rule 
out any possibility that the removal of out-of-focus light was not as a result of fixation 
artefacts, which may affect the photophysical properties of Skylan-S. However, HIF-2α has a 
fast mobility, within a defined region, so it was challenging to SOFI process HIF-2α in live 
cells, even at low exposure times, without the appearance of motion blur artefacts within 
the speckles (Figure 72). Motion blur artefacts occur because the HIF-2α speckles move via 
Brownian motion, so the signal will be highest at the centre (saturated) and removed during 
SOFI-processing; whereas low intensity signal at the edges will be correlated and remain, 
creating a doughnut-shaped artefact. Live cell imaging of HIF-2α was carried out at 37 °C 
since the end goal is to study the dynamics of the HIF-2α speckles with super-resolution 
microscopy in living cells, although lower temperatures may slow down the protein, this may 
affect the biological function, so this was avoided. SOFI assumes that the point emitters along 
the structure of interest is immobile, but fluctuating from a fluorescent to non-fluorescent 
state, during the acquisition, so any movement results in a decrease in spatial resolution (88). 
Despite proteins tagged with Skylan-S being SOFI-processed in live cells previously (106), 
these were slow moving proteins, such as β-actin and MAP4. In addition to live SOFI-
processing, it would have also been advantageous to investigate the localisation of HIF-2α 
with potential binding partners, by co-transfecting HeLa cells with HIF-2α tagged with a green 
RSFP, such as Skylan-S, and Phospho Ser5 RNA Pol II tagged with a red RSFP, to create a dual-
colour SOFI-processed image. However, the prospect of achieving SOFI-processed images of 
proteins in live cells, using two-colour RSFPs, to study protein-protein interactions, may be 
complex in terms of using multiple wavelengths at once to activate simultaneous 
photoswitching.  To date, there are no published red RSFP specific for SOFI. However, there 
are red fluorescent proteins, such as TagRFP (104), which have been successfully used in SOFI 
experiments. Regardless of fixation, the presence of HIF-2α in speckles in both the wide-field 
and SOFI-processed may be an artefact, as a result of overexpression or addition of the 
Skylan-S tag, therefore, endogenous HIF-2α also needed to be super-resolved. One such way, 
was to use the recently developed SRRF, which does not require proteins to be labelled with 
fluctuating probes, such as Qdots (74). 
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Figure 72. Motion artefacts affects SOFI-processing. HIF-2α-Skylan-S in live HeLa cells was imaged on 
a wide-field imaging system (A) at 33 ms exposure time and the 1,000 frame stack SOFI-processed 
with Localizer (B), implemented in MATLAB. HIF-2α speckles were motile and motion blur artefacts 
can be seen within the speckles after SOFI-processing. Scale bar = 5 μm.  
 
 
5.1.2 Resolving endogenous HIF-2α and potential binding partners with SRRF 
 
To validate the specificity of primary antibodies, for use in microscopy, the localisation of 
endogenous HIF-2α and other hypoxia-associated proteins, such as HIF-1β, HAF, and HIF-1α 
in wild-type HeLa cells was compared against fluorescent proteins exogenously expressed in 
HeLa cells. The appearance of exogenous HIF-2α is distinct from endogenous HIF-2α, with 
the speckles in exogenous HIF-2α being much larger and more distinct than that of 
endogenous HIF-2α, where the speckles appear smaller and closer together (Figure 73). This 
difference in speckle appearance may be due to an artefact of the fluorescent tag or 
exogenous HIF-2α, the challenge of specifically labelling endogenous HIF-2α with antibodies, 
or different levels of expression. As discovered previously (185), the sub-nuclear localisation 
of HIF-2α, being in speckles, differs from the more homogenous localisation of HIF-1α. The 
nuclear localisation of HIF-1α is only present under hypoxic conditions, but the nuclear 
localisation of HIF-2α is present under both normoxia and hypoxia; suggesting that these two 
HIF isoforms have different sensitivities to the severity of hypoxia. As discussed earlier 
(Section 1.5.1 Hypoxia inducible factor two alpha), HIF-1α and HIF-2α share many similarities 
and differences. Little is known about the difference in function between HIF-1α and HIF-2α, 
except their differential binding to the target genes promoter (313), so it is hoped that by 
using microscopy, to study their localisation within the nucleus, their role in regulating the 
adaptation to hypoxia will be better understood. Although, the nuclear localisation of HIF-
2α has been shown not to be cell specific (185), in some cell types it has been found to be 
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cytoplasmic under certain oxygen conditions (314, 315), but these observations may be 
down to the use of a HIF-2α antibody of low specificity. In addition, exogenous HIF-1α has 
been shown to have a more nuclear localisation in cancerous cells than in normal cell lines 
(316). Since dimethyloxalylglycine (DMOG) is a strong hypoxia mimicking drug, that inhibits 
all PHD isoforms, this was used for all of the experiments described here, involving HIF-1α, 
to ensure that the same nuclear localisation pattern is observed for both exogenous and 
endogenous samples. In addition, since the degree of confluency can affect expression levels 
of HIF-2α in cells, with more confluent cells expressing a greater amount of HIF-2α (314, 193), 
it was decided to perform all experiments in cells that were grown to 80% confluency. 
Although, the localisation of all four proteins here are distinct in the exogenously expressed 
cells, only endogenous HAF has a unique pattern, with endogenous HIF-2α, HIF-1β, and HIF-
1α being almost indistinguishable when imaged with wide-field microscopy (Figure 73).  
 
 
Figure 73. Localisation comparison between exogenous and endogenous HIF-2α and related 
proteins. Exogenous proteins (A-D) were transfected into HeLa cells using FuGENE 6 transfection 
reagent. HIF-1α-Venus image (D) was kindly provided by Sarah Taylor from University of Liverpool, UK. 
Endogenous proteins (E-H) were labelled with Alexa Fluor 647 using indirect immunofluorescence. 
Images A-D were imaged at 63x 1.4NA, whilst images E-H were imaged at 100x 1.4NA plus 2.5x 
magnifying lens. All images were taken on an epifluorescence microscope, except (D), which was taken 
on a confocal microscope. Images of HIF-1α were taken in HeLa cells treated with DMOG (D and H), 
but all other images (A, B, C, E, F, and G) were of normoxic cells. Distinct localisation was evident in 
exogenously expressed cells. Scale bar = 5 μm.  
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Endogenous HIF-2α with its potential binding partners have been imaged previously (185). 
This experiment was repeated here and images were taken with wide-field microscopy. At 
the time of writing, the co-localisation of HIF-2α with its potential binding partners has never 
been studied before using super-resolution microscopy. SRRF was therefore used as a tool 
to probe nuclear inhomogeneity of endogenous HIF-2α and its localisation in relation to 
other associated proteins. As HIF-2α is a transcription factor, it was hypothesised that HIF-
2α speckles may be in active transcription sites and therefore, should co-localise with 
Phospho Ser5 RNA Pol II within the nucleus. The structure of RNA Pol II has already been 
resolved with super-resolution using PALM, in a live cell line expressing RNA Pol II-Dendra2  
(317), a versatile antibody-based imaging approach (VANIMA) (318), and also using EM (319), 
so it is well known that RNA Pol II is distributed non-homogenously in the cell nucleus in 
discrete foci, where transcription occurs (320). Additionally, as HIF-2α can form a 
heterodimer with HIF-1β (also known as ARNT), it was logical to assume that these two 
proteins would also co-localise within the nucleus. Although, both HIF-2α and HIF-1β localise 
in speckles when expressed individually, when they are co-transfected in HeLa cells, they no 
longer appeared to be in speckles, but instead had a more homogenous localisation (Figure 
74). This dimerisation of HIF-2α and HIF-1β has been imaged previously (321).  
 
 
Figure 74. Co-transfection of exogenous HIF-2α-EGFP and HIF-1β-DsRed. HeLa cells were grown 
under normoxia (A-F) and hypoxia (G-I) for 24 h, before being transfected with HIF-2α-EGFP/HIF-1β-
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DsRed and fixed with 4% (w/v) PFA. Samples were imaged on an epifluorescence microscope with 63x 
(1.4 NA) magnification, but D-I had an addition of a 1.6x magnifying lens. When co-transfected the 
two proteins become less speckled and more homogenous. Scale bar = 10 μm.  
 
HAF is also known to interact with HIF-2α (194) and has already been shown within the 
nucleus that HIF-2α and HAF localise within close proximity of each other (322), so it was 
possible that HIF-2α may co-localise with HAF. However, as the nuclear localisation of 
exogenous HIF-1α differs from that of exogenous HIF-2α (185), these proteins are not 
thought to co-localise. Exogenous HIF-1α is homogenously localised, whilst endogenous HIF-
1α has been found to localise heterogeneously in speckles (323). It has also been reported in 
the literature that when HIF-1α is co-transfected with HIF-1β, the normally homogenously 
distributed localisation of HIF-1α fusion protein goes into speckles comparable to 
endogenous HIF-1α (323). These findings are in stark contrast to the co-transfection data of 
HIF-2α and HIF-1β shown here (Figure 74). Due to the diffraction limit of light, it appeared 
that all of the endogenous proteins (Phospho Ser5 RNA Pol II, HIF-1β, HAF, and HIF-1α) did 
co-localise to some degree with HIF-2α, due to the composite image appearing yellow from 
the merge of HIF-2α labelled with Alexa Fluor 488 (green) and the other proteins labelled in 
Alexa Fluor 647 (red) (Figure 75). However, these images were of low-resolution, so when 
super-resolved with SRRF, the degree of co-localisation may decrease. Although, co-
localisation may exist with wide-field microscopy, due to the diffraction limit of light, the two 
‘interacting’ proteins may be resolved with super-resolution microscopy and instead show 
no co-localisation.  
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Figure 75. Endogenous HIF-2α and potential binding partners imaged with wide-field microscopy. 
Using indirect immunofluorescence, HIF-2α was labelled with Alexa Fluor 488 (green) and other 
proteins (Phospho Ser5 RNA Pol II, HIF-1β, HAF, and HIF-1α) were labelled with Alexa Fluor 647 (red). 
All images (A, B, D, E, G, H, J, and K) were taken on an epifluorescence microscope (100x 1.4 NA plus 
a 2.5x magnifying lens). Yellow regions in composite images (C, F, I, and L) show co-localisation 
between HIF-2α and other proteins. Scale bar = 5 μm.  
 
At the time of publication of this thesis, there is no known record of these kind of 
transcription factors being resolved using any super-resolution microscopy method, 
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including SRRF. Immunocytochemistry was therefore used to visualise the protein 
localisation of HIF-2α and its potential binding partners for SRRF-processing. Since with wide-
field microscopy, there appeared to be high co-localisation between HIF-2α and the active 
form of RNA polymerase, Phospho Ser5 RNA Pol II (Figure 75), these two proteins were used 
for initial SRRF-processing. Endogenous HIF-2α and Phospho Ser5 RNA Pol II were 
sequentially labelled with Alexa Fluor 488 (green) and Cy3 (red) respectively, in fixed HeLa 
cells, using indirect immunofluorescence. Wide-field images were post-processed in ImageJ 
with the NanoJ-SRRF plugin, using default settings, and the quality of the SRRF images, was 
assessed with NanoJ-SQUIRREL. At first glance, it seemed that the HIF-2α speckles and 
Phospho Ser5 RNA Pol II foci had been resolved, as there was distinct dot-like structures for 
both proteins in the SRRF-processed images, which were not so obvious in the prior wide-
field images (Figure 76). Also, as expected, the degree of co-localisation between HIF-2α-
Alexa Fluor 488 and Phospho Ser5 RNA Pol II-Cy3 appeared to be lower in the SRRF-processed 
images than the wide-field images, because there was considerably less merged yellow 
regions in the SRRF-processed image. However, when the SRRF-processed images were run 
through the software package, NanoJ-SQUIRREL, the calculated RSP values for HIF-2α Alexa 
Fluor 488 and Phospho Ser5 RNA Pol II were lower than 0.95, which indicated that these 
SRRF-processed images contained artefacts. 
 
 
Figure 76. SRRF-processed endogenous HIF-2α and Phospho Ser5 RNA Pol II. Indirect 
immunofluorescence was used to label HIF-2α with green Alexa Fluor 488 (A) and Phospho Ser5 RNA 
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Pol II with orange-to-red Cy3 (B), in fixed HeLa cells, to create a composite wide-field image (C). A 
stack of 1,000 wide-field images were acquired on an epifluorescence microscope (100x 1.4 NA) using 
a sensitive EMCCD camera and polychromatic mercury arc lamp. Wide-field images (A&B) were SRRF-
processed (D&E), with NanoJ-SRRF ImageJ plugin, to create a composite SRRF-processed image (F). 
SRRF-processed images showed more distinct dot-like structures and lower co-localisation between 
HIF-2α and Phospho Ser5 RNA Pol II (less yellow merged regions), than the wide-field images. Quality 
of the SRRF-processed images was quantified with NanoJ-SQUIRREL and RSE maps (G&H) found to 
contain artefacts (Calculated RSP values <0.95). Scale bar = 5 μm.  
 
 
As a control, to check whether the appearance of HIF-2α in a dot-like pattern after SRRF-
processing was real, HIF-1α in hypoxic cells was also stained, a stack acquired, and then SRRF-
processed. Since it has been proposed that HIF-1α is nuclear, but not thought to be in 
speckles under hypoxic conditions (185), it was presumed that the SRRF-processed image 
should also be homogenous. However, a similar SRRF-processed image for HIF-1α as HIF-2α 
was observed (Figure 77). Further controls were carried out, including SRRF-processing of 
nucleolin, an alternative endogenous nuclear protein, and the DNA intercalating dye Hoechst 
33342, which are both thought not to form speckles. All of the nuclear staining resulted in 
dot-like structures, which reinforced the idea that the SRRF-processed results were likely 
artefacts. After reviewing the imaging parameters, required to achieve a high quality SRRF 
image (calculated RSP value > 0.95) (Chapter 4.2.4.1), it was apparent that the samples here 
were under-sampled (100x 1.4NA), according to Nyquist Sampling. Therefore, for future 
SRRF-processing, all subsequent HIF-2α images were acquired with a 100x 1.4 NA oil 
immersion objective and a 2.5x magnifying lens.  
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Figure 77. SRRF-processing homogenous nuclear proteins. Indirect immunofluorescence was used to 
label nuclear proteins HIF-1α and nucleolin with Alexa Fluor 488, whilst Hoechst 33342 stained the 
nucleus of fixed HeLa cells (A, D, and G). Wide-field images were taken on an epifluorescence 
microscope (100x 1.4 NA). SRRF-processed images (B, E, and H) showed dot-like structures for all of 
the nuclear proteins. High error regions in the SRRF-processed images were highlighted in RSE maps 
(C, F, and I). Scale bar = 10 μm.  
 
Taking into consideration optimal acquisition settings, required to achieve the best 
attainable SRRF-processed image (Chapter 4.2.4.1), the indirect immunofluorescence of HIF-
2α was repeated with Alexa Fluor 647, to produce a much improved SRRF-processed image 
(Figure 78). SRRF-processing revealed endogenous HIF-2α to be in speckles and out-of-focus light 
present in the wide-field image, was removed in the SRRF-processed image. However, unlike the 
SOFI-processed image of exogenous HIF-2α (Figure 71), signal in between the speckles was 
not completely removed in the SRRF-processed image of HIF-2α. The presence of signal in 
between the speckles may be as a result of protein exchange between one speckle and 
another speckle, as it has been previously shown, using FRAP, that HIF-2α is not immobile 
(185). On closer inspection of the images, there were some instances where the speckles 
appeared to have been joined to form lines in the SRRF-processed image, which was also 
present in the wide-field images. However, it was expected that if speckles were in close 
proximity of other speckles, appearing as a continuous structure in wide-field images, they 
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would be better resolved, and therefore more separated from one another, in the SRRF-
processed images. 
To check for any artefacts, the quality of the visually improved SRRF-processed image of HIF-
2α was quantified using the NanoJ-SQUIRREL ImageJ plugin. An error map highlighting blue 
regions of low error surrounding the speckles and a high RSP value of 0.99 was calculated 
(Figure 78C), which meant that the SRRF-processed image was of high quality and contained 
negligible artefacts. FRC was also used to determine whether the resolution of the SRRF-
processed image was improved in comparison to the wide-field image. Despite the SRRF-
processed image being of high quality (RSP value > 0.95), with an increased SNR, the 
resolution did not appear to have been improved. Although, the spatial map of FRC had 
mostly low FRC values (indicated by blue regions), the mean FRC value increased significantly 
from 284.25 nm in the average wide-field image, to 307.22 nm in the SRRF-processed image 
(Figure 78D). As stated earlier, an image of high quality does not necessarily mean that it will 
also have improved resolution.  
 
 
Figure 78. Endogenous HIF-2α-Alexa 647 super-resolved with NanoJ-SRRF. HIF-2α was labelled with 
Alexa Fluor 647 using indirect immunofluorescence in fixed HeLa cells and 100 frames acquired on an 
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epifluorescence microscope (100x 1.4 NA plus 2.5x magnifying lens) at a 30 ms exposure time. A time 
series of wide-field images (A) was post-processed using a NanoJ-SRRF ImageJ plugin to produce a 
SRRF image of HIF-2α (B). The quality of the SRRF-processed image was assessed using NanoJ-
SQUIRREL in ImageJ, resulting in an error map (C) and a high RSP value of 0.99 (RSP >0.95 = good SRRF 
image). FRC was also calculated for both the SRRF-processed (307.22 nm) and average wide-field 
(284.25 nm) images by splitting the images into 100 blocks and using an image pixel size of 12.8 nm. 
Scale bar = 5 μm.  
 
 
After obtaining a high quality SRRF image of HIF-2α, it was decided to proceed with SRRF-
processing HIF-2α with its potential binding partners (Phospho Ser5 RNA Pol II, HIF-1β, HAF, 
and HIF-1α), using the same acquisition settings. To obtain a dual-colour SRRF-processed 
image, HIF-2α was labelled green with Alexa Fluor 488 and the other HIF-2α associated 
proteins were labelled far red with Alexa Fluor 647. Two-colour SRRF images (Figure 79) were 
achieved by post-processing a time series of 100 wide-field images using the NanoJ-SRRF 
ImageJ plugin (74). Visually, the nuclear localisation of HIF-2α and the other proteins in the 
SRRF-processed images was comparable to the wide-field images, but there appeared to be 
less co-localisation between HIF-2α and the other proteins with SRRF, as shown by fewer 
merged yellow regions in the composite images (Figure 79). Another observation, was that 
the 32-bit SRRF-processed images were dimmer in comparison to the wide-field images, even 
when changed to 16-bit, with the brightness and contrast was adjusted to an optimal level.  
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Figure 79. NanoJ-SRRF-processed endogenous HIF-2α and potential binding partners. Using indirect 
immunofluorescence, HIF-2α was labelled with Alexa Fluor 488 (green) and other proteins (Phospho 
Ser5 RNA Pol II, HIF-1β, HAF, and HIF-1α) were labelled with Alexa Fluor 647 (red). All staining was 
done in HeLa cells that had been grown under normoxic conditions, except for the sample being 
probed for HIF-1α, which was incubated with DMOG for 4 h, before being fixed with 4% (w/v) PFA. 
Wide-field images were acquired sequentially over 100 frames on an epifluorescence microscope 
(100x 1.4 NA plus a 2.5x magnifying lens), and SRRF-processed with the ImageJ plugin NanoJ-SRRF (A, 
B, D, E, G, H, J, and K). Yellow regions in composite images (C, F, I, and L) show co-localisation between 
HIF-2α and other proteins. Scale bar = 5 μm.  
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For the SRRF-processed images in Figure 79, the lowest possible exposure time was used, 
that was needed to acquire images with a sufficient signal, so that the structures were visible, 
and also so that they gave the highest RSP value. For HIF-2α-Alexa Fluor 488 and Phospho 
Ser5 RNA Pol II-Alexa Fluor 647, images were acquired at 5 ms, 10 ms, 30 ms, 50 ms, and 100 
ms with a reasonable signal for displayed SRRF images. Furthermore, the highest obtainable 
RSP values for HIF-2α-Alexa Fluor 488 and Phospho Ser5 RNA Pol II, when using NanoJ-
SQUIRREL, was at an exposure time of 5 ms, with the RSP values generally decreasing with 
an increase in exposure time. At a low exposure time of 5 ms, HIF-2α and Phospho Ser5 RNA 
Pol II appeared in speckles and foci respectively, but at much higher exposure times, such as 
50 ms and 100 ms, these rounded structures started to join, forming lines in the image. The 
formation of line artefacts, at higher exposure times, when the RSP values decrease is 
indicative of a poor quality SRRF image. Other proteins, such as HIF-1β and HIF-1α could not 
be acquired at exposure times lower than 30 ms, due to the samples having weak fluorescent 
signal, perhaps due to these proteins being less abundant than Phospho Ser5 RNA Pol II and 
HAF. Conditions that lead to a high quality SRRF-processed image was sample dependent, so 
a compromise between achieving an image that displays well, whilst also giving a high RSP 
value needed to be met. Exposure times and resulting RSP values for the images displayed in 
Figure 79 are shown in Table 12. 
 
 
Table 12. Assessing the quality of dual-colour SRRF-processed nuclear proteins with NanoJ-
SQUIRREL. High quality SRRF-processed images (RSP values > 0.95) were achieved for all of the nuclear 
proteins (Phospho Ser5 RNA Pol II, HIF-1β, HAF, and HIF-1α) that were investigated to co-localise with 
endogenous HIF-2α. The highest RSP values achieved are shown and correspond to the images in 
Figure 79. The optimal exposure times, used to acquire the raw data that produced the highest quality 
SRRF images, was sample dependent.    
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5.1.3 Resolving HIF-2α and potential binding partners with Airyscan 
 
This work was prompted by previous findings that with SOFI, signal was removed in between 
HIF-2α speckles, whilst in a high quality SRRF image, this was not the case. As an alternative 
to post-processing super-resolution imaging methods, such as SOFI and SRRF, to achieve a 
high-resolution image of HIF-2α, Airyscan was used. Like previously, HIF-2α was labelled with 
green Alexa Fluor 488 and other nuclear proteins (Phospho Ser5 RNA Pol II, HIF-1β, HAF, and 
HIF-1α) labelled with far red Alexa Fluor 647, in fixed HeLa cells, using indirect 
immunofluorescence with primary and secondary antibodies. With Airyscan, all of the 
nuclear proteins simultaneously imaged with HIF-2α were in speckles (Figure 80) and of 
higher SNR than with wide-field microscopy. As with SRRF, there also appeared to be less co-
localisation between HIF-2α and nuclear proteins Phospho Ser5 RNA Pol II, HIF-1β, HAF, and 
HIF-1α, than with wide-field microscopy. By eye, through observing yellow merged regions 
in composite images, it was difficult to establish whether the co-localisation of HIF-2α with 
Phospho Ser5 RNA Pol II, HIF-1β, HAF, or HIF-1α, was significant enough to say that they were 
interacting with one another and this can lead to human bias. 
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Figure 80. Airyscan imaging of endogenous HIF-2α and its potential binding partners. Indirect 
immunofluorescence was used to label HIF-2α with green Alexa Fluor 488 and other nuclear proteins 
(Phospho Ser5 RNA Pol II, HIF-1β, HAF, and HIF-1α) were labelled far red with Alexa Fluor 647. Airyscan 
images were taken at 63x magnification (A, B, D, E, G, H, J, and K). Yellow regions in composite images 
(C, F, I, and L) show areas of overlap between HIF-2α (green) with the other nuclear proteins (red). 
Images J-L were taken in HeLa cells incubated with DMOG 4 h before fixation. Scale bar = 5 μm.  
 
5.1.4 Quantifying co-localisation of HIF-2α and potential binding partners 
 
Determining co-localisation between two sub-nuclear proteins such as HIF-2α and HIF-1β is 
crucial to understanding their involvement in the hypoxia signalling pathway, as a protein’s 
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localisation is closely related to its physiological function (324). Visual inspection of co-
localisation is subjective and therefore, a more statistical approach is a better way to 
quantitatively determine true co-localisation between two proteins of interest. The degree 
of co-localisation between HIF-2α and Phospho Ser5 RNA Pol II, HIF-1β, HAF, or HIF-1α, for 
each of the microscopy techniques used so far, was calculated using the open-source JACoP 
(248), freely available in ImageJ (Table 13). For the wide-field images in Figure 75, the degree 
of co-localisation of HIF-2α with all inspected nuclear proteins was strong, as indicated by 
the high Pearson’s correlation coefficient and Manders coefficient values. As expected, for 
the Airyscan-processed images (Figure 80), the degree of co-localisation between HIF-2α and 
Phospho Ser5 RNA Pol II, HIF-1β, HAF, or HIF-1α was slightly lower than that obtained with 
wide-field microscopy. The lowest co-localisation was with the SRRF-processed images 
(Figure 79).  
 
 
Table 13. Comparing HIF-2α co-localisation quantification in different imaging techniques. The 
degree of co-localisation between HIF-2α-Alexa Fluor 488 (green) and Phospho Ser5 RNA Pol II-Alexa 
Fluor 647 (red), HIF-1β-Alexa 647 (red), HAF-Alexa 647 (red), or HIF-1α-Alexa 647 (red) was measured 
by calculating Pearson’s correlation coefficient and Manders coefficient values using the JACoP ImageJ 
plugin.  
 
 
To determine the range of Pearson’s correlation coefficient and Manders coefficient values 
that result in two proteins being considered to definitely co-localise, benchmark computer 
stimulated red and green channel ground-truth images of a known % co-localisation, were 
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ran through the JACoP ImageJ plugin (248). Image set CBS001RGM-CBS010RGM from the 
Colocalization Benchmark Source (available from www.colocalization-benchmark.com) was 
used to validate co-localisation between HIF-2α and Phospho Ser5 RNA Pol II, HIF-1β, HAF, 
or HIF-1α (Table 14). For a computer stimulated composite image of green and red 
fluorescent molecules that are supposed to give 0% co-localisation, the Pearson’s coefficient 
value was extremely low (0.006), with a Manders coefficient value of 0.257. When the 
Pearson’s coefficient and Manders coefficient of a computer stimulated image, with a 
defined co-localisation of 90%, was calculated, values of 0.899 and 0.909 were obtained, 
respectively. Using this data as a benchmark, it was determined that in wide-field images 
there was a strong co-localisation (90%) between HIF-2α with all of the selected nuclear 
proteins. Similarly, in the Airyscan images the co-localisation was still high (70%), whilst in 
the SRRF-processed images, the degree of co-localisation was low (HIF-2α with Phospho Ser5 
RNA Pol II was 40%, HIF-2α with HIF-1β was 40%, HIF-2α with HAF was 30%, and HIF-2α with 
HIF-1α was 20% co-localised). This overall lower co-localisation for the SRRF-processed 
images, may be as a result of an improved resolution in comparison to wide-field and 
Airyscan-processed images. Since background thresholds were automatically set for co-
localisation analysis in JACoP (248), the poor SNR of the SRRF-processed images should not 
affect the degree of co-localisation in the images, because any non-specific staining should 
have been removed. Considering HIF-1β is a known binding partner of HIF-2α, it was 
expected that these two proteins would have had a higher degree of co-localisation than 
40%, but the low co-localisation of 20% for HIF-2α and HIF-1α, appearing mutually exclusive, 
seemed appropriate considering that they are thought to have different nuclear localisations 
(185). Previous co-localisation data on confocal images, using the former Colocalization 
Threshold ImageJ plugin, found HIF-2α to co-localise with Phospho Ser5 RNA Pol II by 48%, 
HIF-1β by 33%, and HAF by 13% (185). The variation between previous co-localisation 
findings and those reported here, may be due to different antibodies and imaging systems 
being used. Potential HIF-2α protein-protein interactions could be investigated further with 
FRET, assuming that protein A + protein B = AB. However, regularly proteins participate in 
many different complexes, so if only a fraction of a protein pool partitions into a complex, 
FRET may not detect this interaction and, therefore, it is better to use a proximity ligation 
assay (PLA) instead. 
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Table 14. Benchmarking co-localisation data. Pearson’s correlation coefficients and Manders 
coefficients were calculated for ground-truth images of a defined degree of co-localisation (0-90%), 
using the JAcoP ImageJ plugin.  
 
5.1.5 Imaging exogenous HIF-2α with other super-resolution techniques 
 
Whilst on an industry placement at the Research and Development department of Carl Zeiss 
Microscopy GmbH in Jena, Germany, the fortunate opportunity arose to image exogenous 
HIF-2α using dSTORM and SIM. In addition, exogenous HIF-2α was also imaged by Peter 
Hemmerich using STED microscopy at the imaging facility in the Leibniz Institute on Ageing 
(Fritz Lipmann Institute, Jena, Germany). HIF-2α-EGFP was transfected into HeLa cells grown 
under normoxia, before being fixed with 4% (w/v) PFA, and imaged on a number of different 
super-resolution microscopes. For imaging with STED, HIF-2α-EGFP was labelled red with 
anti-GFP-NANObooster-ATTO647N. A z-stack of exogenous HIF-2α-EGFP was acquired on a 
Leica TCS SP8 STED 3x microscope (100x 1.4NA) with 100% of a 1.85 W 775 nm STED depleted 
pulsed doughnut laser and the data post-processed with Huygens deconvolution software, 
before displaying the deconvolved STED image as a maximum intensity z projection. In 
comparison to the confocal image of HIF-2α, the STED image contained visually smaller 
speckles and was comparable to the HIF-2α SOFI-processed image, in that the SNR had been 
improved and out-of-focus light had been removed in between the speckles (Figure 81). 
Whilst imaging HIF-2α with STED, occasionally, there was the presence of halo artefacts 
when the fluorescence inside of the speckles was depleted, due to the doughnut shape of 
the laser beam. 
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Exogenous HIF-2α was imaged using the SMLM technique dSTORM on the Zeiss Elyra P.S.1 
system (63x 1.4 NA) by labelling HIF-2α with an anti-GFP primary antibody and a secondary 
antibody conjugated to Alexa Fluor 647. Just before imaging, the fixed HIF-2α-EGFP-Alexa 
647 sample was incubated with a freshly prepared imaging buffer consisting of 1M MEA (pH 
9) and 10 nM NaOH. To achieve an optimal dSTORM image, 30,000 frames were acquired on 
an EMCCD camera sequentially, in laser wide-field mode, with an additional FOV lens (TIRF-
UHP), at 20 ms. To get single molecule blinking, sufficient for dSTORM-processing, the 
cropped image was illuminated with 100% of a 150 mW 642 nm laser (Long pass filter: 655 
nm) and 0.5% of a 50 mW 405 nm laser. dSTORM-processing was done in ZEN software with 
the measured PSF. The dSTORM-processed image of exogenous HIF-2α revealed clusters of 
multiple small speckles that appeared as one larger speckle in the laser wide-field image 
(Figure 81). Again, as with SOFI, out-of-focus light in the wide-field image had been removed 
with dSTORM, and the SNR improved. However, since all Alexa Fluor 647 dye molecules were 
localized, and therefore contributed to the final dSTORM image, it was unclear whether the 
smaller dot-like structures were speckles. 
Another super-resolution technique, SIM, was also used to image exogenous HIF-2α. Unlike 
STED and dSTORM, SIM did not require the structure to be labelled with specialist dyes, using 
indirect immunofluorescence, so SIM could have been done on live HIF-2α-EGFP, if it was not 
so mobile. A z-stack (7 positions) of HIF-2α-EGFP was acquired with a 2% of a 100 mW 488 
nm laser on a sCMOS camera (no gain), at a long exposure time of 100 ms, to achieve an 
optimal SIM image. It was found that the more rotations (up to 5) of the 34 μm grid, the 
better the SIM image, but in the interest of time 3 rotations was sufficient to give a good SIM 
image. After acquisition, SIM-processing was done in ZEN software. To display the final SIM 
image of exogenous HIF-2α, a maximum intensity z projection was performed on the raw 
data in ImageJ (Figure 81). Similar to all of the aforementioned microscopy techniques, SIM 
also gave a super-resolved image of exogenous HIF-2α that had a greater SNR than wide-
field microscopy, with signal in between the speckles also being removed.  
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Figure 81. Exogenous HIF-2α resolved with different super-resolution techniques. HIF-2α-EGFP was 
immunolabelled with anti-GFP-nanoBOOSTER-ATTO647N and confocal images taken on a Leica TCS 
SP8 STED 3x microscope (A). The STED depleted doughnut-shaped laser beam was activated to acquire 
a z stack of HIF-2α-EGFP, which was deconvolved  with Huygens deconvolution, and a maximum 
intensity z projection was used to display the deconvolved STED image (B). Exogenous HIF-2α-EGFP 
was also labelled with Alexa 647 by indirect immunofluorescence (C) to acquire, at high laser power, 
a 30,000 frame stack of single molecules blinking sufficiently ON and OFF for dSTORM-processing (D). 
A z stack of HIF-2α-EGFP was also acquired (E) and with the addition of a 34 μm rotating grid, a 
maximum intensity Z projection SIM image of HIF-2α-EGFP could be formed (F). Scale bar = 5 μm.  
 
After using different microscopy techniques to study the localisation of HIF-2α speckles and 
their potential interaction with other associated nuclear proteins, interest shifted towards 
determining the precise size and abundance of these speckles in the nucleus. From all of the 
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super-resolution images of HIF-2α, it is clear that both the number and size of HIF-2α 
speckles within a nucleus varies. Number of speckles in HIF-2α-EGFP is dependent on the 
level of expression. When the expression of HIF-2α-EGFP is high, there are lots of speckles, 
whereas when there is a low expression the fluorescence signal is diffuse and less speckles 
are present. Also, as seen previously (Figure 73), exogenous HIF-2α speckles appear much 
larger than speckles of endogenous HIF-2α. Although, the size of HIF-2α speckles is currently 
unknown, it has been estimated with confocal microscopy that HIF-2α speckles in HIF-2α-
EGFP are around 240 nm in diameter, and that within each nucleus, there are around 10-200 
speckles (185). However, to date, the size of super-resolved HIF-2α speckles has been 
undetermined. It was hypothesised that the true size of HIF-2α speckles may be smaller than 
previously thought and perhaps below the diffraction limit of light, so less than 250 nm. 
Therefore, it was decided to measure the size of HIF-2α speckles, in HIF-2α-EGFP, which has 
now been imaged with different super-resolution techniques. The resolution capability of a 
number of super-resolution techniques (including SRRF) was compared by imaging sub-
nuclear speckles labelled with the same fluorescent protein (EGFP) and measuring the size 
of their FWHM using an ImageJ script. 
By measuring the FWHM of these sub-nuclear speckles, the optical resolution capability of a 
number of super-resolution techniques (SOFI, Airyscan, SIM, STED, and SRRF) was compared. 
Since hypoxia does not appear to change the number HIF-2α speckles or their size (185), it 
was decided to only study normoxic HIF-2α speckles. An open-source ImageJ code (available 
from https://bitbucket.org/davemason/fwhm_spotanalysis/src) was kindly written by the 
CCI image analyst, David Mason (University of Liverpool, UK), to automatically measure the 
FWHM of  exogenous HIF-2α speckles in the microscopy images. The script worked by 
drawing a horizontal or vertical line, of a set length, through each speckle in the calibrated 
image and a one component Gaussian was fitted to the line profile. Only FWHM values, 
where the Gaussian fits yielded an R-squared value greater than 0.85, were used in the 
analysis. Since the true size of HIF-2α speckles is unknown, the function to exclude FWHM 
values greater than 10 times the expected size was not used; however, an image dependent 
threshold tolerance was set. The calculated FWHM values for each microscopy image were 
subsequently plotted as box plots (Figure 82).  
 
 210 
 
 
Figure 82. Quantifying exogenous HIF-2α speckle size acquired with different microscopy 
techniques. Exogenous HIF-2α speckles were imaged with wide-field microscopy (A), SOFI (B), 
Airyscan (C), SIM (D), STED (E), and SRRF (F). As well as an average wide-field image, maximum 
intensity z projections of SIM and STED images are also shown. The size of the HIF-2α speckles was 
estimated by automatically measuring their FWHM using an ImageJ script written by CCI image analyst 
David Mason (University of Liverpool, UK). Box plots for each microscopy technique are shown with 
outliers plotted in red (G). Wide-field microscopy gave larger HIF-2α sizes than the super-resolution 
microscopy techniques. Box plot is representative of N=4 images (Each image contained one cell with 
one HIF-2α nuclear protein) and each data point is an individual HIF-2α speckle. Scale bar = 5 μm. 
 
As expected, wide-field microscopy gave a larger estimated HIF-2α speckle size (mean FWHM 
value of 371 nm) than the super-resolution techniques (Table 15). The discrepancy between 
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the wide-field result of 371 nm and the confocal result of 240 nm obtained previously (185), 
may be due to a different threshold mask approach, such as segmentation, used to estimate 
the FWHM rather than the automated analysis used here. Smaller HIF-2α speckle sizes were 
obtained with super-resolution imaging techniques SIM (185 nm), SRRF (135 nm), and STED 
(142 nm) compared to wide-field microscopy (371 nm) and confocal microscopy (240 nm). 
Although SOFI (368 nm) and Airyscan (253) gave lower speckle sizes than wide-field 
microscopy (371 nm), these were still not of a super-resolution nature (<250 nm). The 
number of HIF-2α speckles, for each calibrated microscopy image, was also estimated (Table 
15). It was hypothesised that in the super-resolved images, there may be a slightly higher 
number of speckles than in the wide-field images. For instance, two speckles that were in 
close proximity in the wide-field image, appearing as a single speckle, may now appear as 
two separate speckles in the super-resolution image. As observed previously, the number of 
HIF-2α speckles within a nucleus varies from cell to cell, but was estimated here to be 
between 60 and 300 speckles, regardless of which microscopy technique was used.  
 
Table 15. Comparing HIF-2α speckle size for different microscopy techniques. The number of HIF-2α 
speckles and their size (FWHM), in calibrated microscopy images, was estimated using an ImageJ script 
kindly provided by image analyst David Mason (University of Liverpool, UK).  
 
5.1.6 Live cell imaging of HIF-2α and potential binding partners with SRRF-Stream 
 
To date, HIF-2α has only been imaged with super-resolution microscopy in fixed cells, 
because of the fast movement of the speckles. With the CCI’s recent purchase of the 
Dragonfly spinning disk confocal, with SRRF-Stream capability, studying the dynamics of HIF-
2α with SRRF in live cells was possible. One interest, was to super-resolve the dimerisation 
of HIF-2α and HIF-1β in live cells with SRRF-Stream, since it was shown earlier, with wide-
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field microscopy, that when HIF-2α and HIF-1β are co-transfected, they co-localise in the 
nucleus homogenously and not in speckles (Figure 74). To begin with, endogenous HIF-2α 
and its potential binding partners were imaged with SRRF-Stream using immunofluorescence 
(Figure 83). For direct comparison to the previous NanoJ-SRRF data, similar acquisition 
settings were used for SRRF-Stream, including an exposure time of 5 ms, 100 frames, and an 
effective pixel size of 65 nm (13 μm camera pixel size and 100x 1.4 NA plus 2x magnifying 
lens) to match that of the epifluorescence set-up (effective pixel size of 64 nm: 16 μm camera 
pixel size and 100x 1.4 NA plus 2.5 magnifying lens). Additionally, NanoJ-SRRF default settings 
(ring radius of 0.5 and magnification radiality of 5) were used for SRRF-Stream acquisition. 
SRRF-Stream images of HIF-2α detected with an Alexa Fluor 488 secondary antibody, and 
potential binding partners Phospho Ser5 RNA Pol II, HAF, HIF-1α, and HIF-1β, detected with 
an Alexa Fluor 647-labelled antibody, were similar to that achieved previously with NanoJ-
SRRF (Figure 79), except the SNR of the SRRF-Stream images was improved, due to 
illuminating the sample with appropriate 488 nm and 637 nm lasers for Alexa Fluor 488 and 
Alexa Fluor 647, respectively. However, due to suspected mis-alignment between the red 
and green channels, co-localisation could not be performed on this data. 
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Figure 83. Endogenous HIF-2α and potential binding partners super-resolved with SRRF-Stream. 
Using indirect immunofluorescence, HIF-2α was labelled with Alexa Fluor 488 (green) and other 
proteins (Phospho Ser5 RNA Pol II, HIF-1β, HAF, and HIF-1α) were labelled with Alexa Fluor 647 (red). 
All staining was done in HeLa cells that had been grown under normoxic conditions, except for the 
sample being probed for HIF-1α, which was incubated with DMOG for 4 h, before being fixed with 4% 
(w/v) PFA. Wide-field images (A, D, G, and J) were acquired sequentially over 100 frames on a spinning 
disk confocal (100x 1.4 NA plus a 2x magnifying lens), and SRRF-processed with SRRF-Stream (B, E, H, 
and K). Composite images were created (C, F, I, and L). Scale bar =10 μm. 
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To be able to image HIF-2α in living cells, HIF-2α and potential binding partners were tagged 
to fluorescent fusion proteins, transiently transfected, and imaged with SRRF-Stream. As a 
control, SRRF-Stream images of HIF-2α-EGFP, HIF-1β-DsRed, and HAF-EGFP were also taken 
in fixed cells, to eliminate any artefacts due to movement. The distinct speckle localisation 
of HIF-2α in the nucleus, previously observed with wide-field microscopy and NanoJ-SRRF, in 
fixed cells, was also apparent in the SRRF-Stream images, for both fixed and live cells. SRRF-
Stream worked well at improving SNR, through the removal of out-of-focus light and the 
resolution was appeared to be improved for exogenous HIF-2α and potential bindng partners 
(Figure 84). Despite some starry artefacts being present for select SRRF-Stream exogneous 
HIF-2α speckles in the fixed sample, where some speckles appeared elongated, the fast 
acquisition with the spinning disk confocal enabled the fast mobility of HIF-2α to be SRRF-
processed, without any noticeable motion-blur artefacts. Additionally, on close inspection of 
the fixed SRRF-Stream HAF-EGFP data, there seem to be line artefacts present, but these 
lines are also visible in the blurry wide-field data, so these are unlikely to be artefacts, and 
are probably generated by an exchange of protein between the large HAF speckles in the 
nucleus. To confirm the absence of artefacts with more confidence, these images were 
assessed, for quality, with the NanoJ-SQUIRREL ImageJ plugin. RSE maps, highlighted 
artefacts in the SRRF-Stream images, with low RSP values (< 0.95) obtained for HIF-2α-EGFP 
and HIF-1β-DsRed in both fixed and live cells. Although, a high quality RSP value (>0.95) was 
achieved for the fixed HAF-EGFP SRRF-Stream image, high errors were also identified for the 
large HAF speckles (Figure 84). The low RSP values may be due to labelling HIF-2α and HIF-
1β with fluorescent proteins, EGFP and DsRed, respectively, as with the same acquisition and 
post-processing settings Alexa Fluor 488 and 647 yielded high quality SRRF images. Although, 
SRRF does not require a fluctuating probe, better quality SRRF images may be obtained with 
cyanine dyes. Further optimisation is needed to acquire high quality SRRF-Stream images of 
point-like speckle structures. 
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Figure 84. Exogenous HIF-2α-EGFP and potential binding partners imaged with SRRF-Stream. 
Fluorescent proteins were expressed in HeLa cells. Wide-field images, in fixed (A, D, and G) and live 
cells (J and M), were acquired on a spinning disk confocal (100x 1.4 NA, plus 2x magnifying lens). SRRF-
Stream images were also taken (ring radius 0.5 and radiality magnification 5) of fixed (B, E, and H) and 
live cells (K and N). The quality of the SRRF-Stream images was assessed with NanoJ-SQUIRREL, with 
corresponding RSE maps (C, F, I, L, and O), highlighting the presence of artefacts (yellow-blue = high 
error, purple = low error). Scale bar = 5 μm.  
 
With wide-field microscopy, exogenous HIF-2α-EGFP and HIF-1β-DsRed were shown to 
localise within the nucleus in speckles, when transiently transfected separately into cells, 
however, when they were co-transfected, they dimerised in the nucleus and were no longer 
in distinct speckles (Figure 74). Since this observation was done with diffraction-limited wide-
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field microscopy, in fixed cells, this was repeated here with SRRF-Stream, in live cells, to 
better resolve the dimerisation and confirm that this was not an artefact of fixation. As with 
wide-field microscopy, HIF-2α and HIF-1β became less speckled when co-expressed in living 
and fixed cells, but the resolution and SNR of the images improved with SRRF-Stream (Figure 
85). This improvement in resolution enhanced the presence of line structures, which were 
again unlikely to be artefacts of SRRF processing, because they were also observed in the 
lower resolution wide-field images. 
 
 
Figure 85. Super-resolved dimerisation of HIF-2α-EGFP and HIF-1β-DsRed. HeLa cells were grown 
under normoxia for 24 h, before being co-expressed with HIF-2α-EGFP and HIF-1β-DsRed. Wide-field 
images (100x 1.4 NA, plus 2x magnifying lens) were taken on a spinning disk confocal system in fixed 
(A and B) and live (G and H) cells, with corresponding composite images (C and I). SRRF-Stream images 
were also acquired (0.5 ring radius and 5x radiality magnification) at 5 ms exposure time, with only 
100 frames (D, E, J, and K). Composite SRRF-Stream images are also shown (F and L). When co-
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transfected the two proteins become less speckled and more homogenous in both live and fixed cells. 
SRRF-Stream resolves the co-transfected speckles in live and fixed cells. Scale bar = 5 μm.  
 
5.1.7 Interpretation of super-resolved HIF-2α co-localisation 
  
This work was inspired by the Seé laboratory (University of Liverpool, UK), who discovered 
that whilst HIF-1α is homogenously distributed in the nucleus, under hypoxia, HIF-2α was in 
speckles during hypoxia and normoxia (185). The importance of HIF-2α being present in 
speckles, independent of oxygen levels, has yet to be established. The heterogeneous sub-
nuclear localisation of HIF-2α may be closely related to its function within the hypoxia 
signalling pathway. To put this into context, HIF-1α and HIF-2α are differential regulators of 
oxygen homeostasis, so when this goes awry in tumours, they develop hypoxic regions, 
which are resistant to chemotherapy. Therefore, research into the localisation of HIF 
isoforms, may lead to a better understanding of their potential use as targeted cancer 
therapies. Different microscopy techniques were thus used to investigate the nuclear 
localisation of HIF-2α in speckles and its association with potential binding partners, 
including Phospho Ser5 RNA Pol II, HIF-1β, HAF, and HIF-1α. 
With all of the microscopy techniques, exogenous and endogenous HIF-2α was found to be 
localised in speckles within the nucleus. The degree of co-localisation between endogenous 
HIF-2α and potential binding partners (Phospho Ser5 RNA Pol II, HIF-1β, HAF, and HIF-1α) 
was strong with wide-field microscopy, but decreased when imaged with the super-
resolution microscopy techniques Airyscan and SRRF. Future work investigating post-
translation modifications of HIF-2α and its interaction with other nuclear proteins, using 
mass spectrometry, will complement this co-localisation data. In addition to studying HIF-2α 
localisation, its physical size and abundance was also investigated with super-resolution 
microscopy. The size of exogenous HIF-2α speckles in wide-field images was larger than that 
of super-resolution images, obtained using SOFI, Airyscan, SIM, SRRF, and STED. However, 
even when imaged with super-resolution microscopy, the HIF-2α speckles were no smaller 
than the diffraction limit of light with SOFI, and the mean number of speckles between 
microscopy techniques was variable due to different HIF-2α expression levels in each cell 
sample. As speckles of endogenous HIF-2α appear visually smaller, it would be interesting to 
measure the size of endogenous HIF-2α, imaged on different super-resolution techniques, 
and compare this to the exogenous HIF-2α data. Here, the localisation of HIF-2α and HIF-1α 
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was studied with SRRF, but the least known isoform HIF-3α, which may also localise in 
speckles, has yet to be studied with super-resolution microscopy.  
In terms of improvement in SNR and removal of out-of-focus light, the freely available post-
processing algorithm SOFI is comparable to the more expensive commercially available 
techniques, such as STED, PALM, SIM, and Airyscan. However, the removal of out-of-focus 
light and increase in SNR, could just as easily be done with a deconvolution algorithm and 
the spatial resolution of SOFI (19 % decrease in FWHM) does not match that of the other 
super-resolution techniques. Similarly, using a wide-field system, equipped with an EMCCD 
camera and an arc mercury lamp, the open-source NanoJ-SRRF imageJ plugin also yielded 
HIF-2α images of high quality (RSP values >0.95), however, the resolution improvement was 
poor, as determined with FRC. The CCI, where the majority of this research was conducted, 
recently purchased a new spinning disk confocal microscope (Dragonfly) with SRRF-Stream 
capability, towards the end of this project (2018), so it was of interest to compare this set-
up to the open-source NanoJ-SRRF data obtained previously. Until recently, the study of HIF-
2α with SOFI had been restricted to fixed cells, but now it has been successfully imaged in 
live cells with SRRF-Stream. Similar results were obtained in fixed and live cells with SRRF-
Stream, and showed that co-expression of HIF-2α and HIF-1β led to smaller speckles, yet the 
speckle structure was clearly retained. These results are quite remarkable as their co-
localisation was never properly visualised before. The quantification of their co-localisation 
would need to be determined. It would also be interesting to further investigate the 
formation of this dimerisation over time in 3D with SRRF-Stream, with the hope that it may 
elucidate to the role of HIF-2α and HIF-1β within the hypoxia signalling pathway.  
 
5.2 Deposition and organisation of ECM proteins in scarred cells 
 
As Qdots could not label nuclear proteins (149), it was decided to instead make use of the 
specific labelling of ECM with Qdots, to compare fibronectin organisation in both normal and 
scarred skin. Wound healing is a highly regulated process, and if this gets disrupted, it can 
lead to the formation of an excessive scar, known as a keloid.  Keloids result from an 
accumulation of ECM proteins that are abnormally deposited within tissues, following 
trauma and subsequent inflammation (325). Presently, the treatment of keloids is extremely 
invasive and recurrence highly likely. Therefore, it is hoped that by researching the 
organisation of ECM proteins in KF, the mechanism of ECM remodelling, that causes impaired 
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scar formation, may be prevented and better treatments made available. The aim was to 
study the biological function of ECM proteins, involved in scarred and repairing tissue, with 
higher resolution than currently reported. For this study, in vitro primary cultures of keloid 
derived fibroblasts (KF) and normal dermal fibroblasts (NF), as control samples, were used.  
 
5.2.1 Abundance of collagen I and fibronectin in keloids  
 
Since the accumulation of ECM proteins has been associated with the formation of keloid 
scars, before the organisation of these proteins, within KF, was investigated, their abundance 
was measured, to check that the KF behave as expected. According to several articles, KF 
synthesise more collagen I than NF (325-327). KF have also been shown by biochemical 
analysis to produce more fibronectin (328, 329). To concur, western blot analysis was carried 
out to determine the protein abundance of collagen I (10 μg lysate) and fibronectin (10 μg 
lysate) in KF compared to NF. Visually, there was no difference observed in the band sizes 
representing the amounts of collagen I (Figure 86A) or fibronectin (Figure 86B) between NF 
and KF in the blots. However, for 10 ug of whole cell lysate, there appeared to be more 
fibronectin than collagen I in both NF and KF. Quantification by ImageJ showed 
approximately a mean 2-fold increase in protein abundance for collagen I and fibronectin in 
KF compared to NF, but this is negligible in comparison to other published studies (329). One 
reason for the negligible increase of collagen I observed in KF is that additional ascorbic acid 
was not added to facilitate collagen I synthesis. Although, there have been reports of as much 
as a 4-fold increase in fibronectin abundance in KF, the amount can vary substantially (329). 
Hypotheses have already been proposed for this varied difference in abundance, including 
the fact that KF, derived from keloid tissue, may also unavoidably contain small traces of 
normal tissue as a result of isolation from surgery. Other explanations include that NF and 
KF may have been obtained from different individuals, in terms of race and age (330), or from 
different regions of the body (329). In addition, some ECM proteins, such as fibronectin, can 
be inaccessible to antibodies for imaging (331), but this is unlikely for western blot. 
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Figure 86. Abundance of extracellular matrix proteins in KF compared to NF. Western blot analysis 
was performed to determine the protein abundance of collagen I (A) and fibronectin (B) in KF and NF. 
Representative blots are shown for N=3 individual experiments. β-actin was used as a loading control, 
to which fibronectin and collagen I were normalised against. Protein abundance was quantified using 
ImageJ and represented as a bar chart, showing the mean protein abundance for N=3 independent 
experiments and error bars of standard error of the mean (SEM). Although, visually, bands appeared 
equally bigger for fibronectin than collagen I in both NF and KF, quantification revealed approximately 
a two-fold increase in the abundance of collagen I (10 μg whole cell lysate loaded) and fibronectin (10 
μg whole cell lysate loaded) in KF compared to NF.  
 
5.2.2 Directionality analysis of SOFI-processed fibronectin fibres 
 
Aside from the abnormal cell signalling, causing elevated amounts of ECM proteins in KF 
compared to NF, it has also been established that, normal skin differs morphologically from 
keloid scars in the way in which collagen is organised in the cell, as during wound healing, 
the ECM remodels and becomes disorganised (332). For normal skin, collagen is arranged 
randomly in a basket weave shape, whereas in keloids and hypertrophic scars, thicker 
collagen fibres are arranged in a whorl-like formation or parallel fibres, respectively (Figure 
87). It is this basket weave formation of collagen that is a hallmark of healthy skin (205). 
Typically, qualitative scoring systems, based on histological observations, are used to 
describe the severity of a scar formed on skin, which is however, subject to human bias, as it 
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can lead to variability in diagnosis given by clinicians (333-335). In turn, the lack of consensus 
in scar assessment can hinder the clinical treatment and the progress of effective 
therapeutics (334). A less tedious approach would be one that requires less user 
intervention, and is therefore a quantitative measure, rather than qualitative. Reliable 
quantitative assessments of collagen fibre thickness and orientation, based on imaging, is 
challenging. Although, automated image analysis tools, such as FFT, have been used 
previously to extensively investigate the organisation of collagen fibres (332, 334, 207), little 
is known about the way in which fibronectin fibres are organised in damaged tissue 
compared to healthy tissue. 
 
Figure 87. Organisation of ECM proteins in normal fibroblasts versus keloids. Wide-field images of 
NF (A) and KF (B) were taken on an epifluorescence microscope at 10x magnification (scale bar = 200 
μm). During wound healing, the ECM remodels, with collagen and fibronectin fibres assembled in an 
orderly fashion in NF (C), whilst in KF (D) the ECM proteins are disorganised.  
 
 
Since it had already been established that fibronectin labels well with Qdots (149), it was 
decided to take advantage of the spontaneous fluctuations of Qdots and compare the 
morphology of endogenous fibronectin in KF versus NF, using SOFI.  Fibronectin was labelled 
with Qdot 625-Abs in KF and also NF isolated from normal skin adjacent to keloid by indirect 
immunofluorescence. Fibroblasts were used to study the organisation of fibronectin, 
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because other types of cells, such as HeLa, have negligible fibronectin (336). For experiments, 
KF and NF (mycoplasma negative) of passage 4-6 were used and grown for 48 h to allow ECM 
assembly. To image endogenous fibronectin, epifluorescence microscopy was used rather 
than TIRF microscopy, because it has been shown that this gives better signal of ECM proteins 
(337).  
Previous studies have shown, using microscopy, that the presence of serum affects the 
formation of fibronectin fibres (337). Cells incubated with serum-containing medium 
produced fibronectin that resulted in a non-fibrillar organisation, compared to cells 
incubated in serum-free medium, where the fibronectin was organised into fibres (337). 
Another interesting observation, made by the same research group, was that when the cells 
were incubated in medium containing 10% FBS (v/v), fibronectin did not co-localise with F-
actin, whilst in the absence of serum, there was co-distribution (337). In order to confirm 
results obtained previously, KF and NF were incubated in normal medium (DMEM 
supplemented with 10% FBS v/v), starvation medium (DMEM without the addition of 10% 
FBS v/v), and also medium where 10% FBS (v/v) had been substituted with 10 ng/mL BSA. KF 
and NF were incubated in starvation medium for 48 h, before fixation in 4% (w/v) PFA, since 
it has been reported in the literature that beyond two days of serum-free medium, the 
morphology of fibronectin did not change (337). After triple labelling with fibronectin-
Qdot625, Phallodin-Alexa488, and Hoechst 33342, no co-distribution was observed between 
fibronectin and F-actin in any of the conditions tried (normal, serum-free, or BSA substituted 
medium), when imaged using epifluorescence microscopy and subsequently SOFI-processed 
(Figure 88A). 
To further investigate the morphology of fibronectin in NF and KF, the difference in 
fibronectin fibre orientation, in the wide-field images (Figure 88B) and SOFI-processed 
images (Figure 88C), was assessed using a Directionality plugin (255) in ImageJ (251, 252). 
Endogenous fibronectin was characterised by direction (orientation of the fibres) and 
dispersion (angular distribution of the fibres aligned in a given direction). The amount of 
fibronectin fibres in a given direction was plotted as a histogram and the highest peak fitted 
with a Gaussian. Dispersion was measured from the σ of the Gaussian. A Broad σ of the 
histogram meant that there was a high dispersion in the fibres (disorganised fibronectin), 
whereas a narrow σ, meant that the fibres were aligned (organised fibronectin). After 
analysing ten images per condition with the Directionality ImageJ plugin (N=3), there was no 
significant difference [One-way ANOVA: F(23,692) = 1.05, p>0.05] found between the 
dispersion of fibronectin fibres in NF and KF, in vitro, for the wide-field images (Figure 88B) 
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or SOFI-processed images (Figure 88C). To eliminate bias when deciding which ROI to image, 
fibronectin around the nucleus was selected as a reference point, so that every image 
contained at least one nucleus in the FOV, which was labelled with Hoechst 33342. For SOFI-
processing, fibronectin in both permeabilised (intracellular and extracellular) and non-
permeabilised (extracellular) NF and KF was immunolabelled with Qdot 625. Endogenous 
fibronectin could also be labelled with Qdots in non-permeabilised live NF and KF since it is 
extracellular. Although, the live fibronectin-Qdot could be SOFI-processed, there was some 
motion blur artefacts from cell movement and therefore, these images were not considered 
for further analysis.  
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Figure 88. Organisation of SOFI-processed fibronectin fibres. Extracellular (NP – non-permebilised) 
and intracellular (P – permeabilised) fibronectin of normal dermal fibroblasts (NF) and keloid 
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fibroblasts (KF) was labelled with Qdot 625 (red) for imaging via epifluorescence microscopy (100x 1.4 
NA plus a 2.5x magnifying lens) and subsequently SOFI-processed. KF and NF were treated in normal 
medium containing DMEM with 10% FBS, medium with no serum, and medium substituted with 10 
ng/mL BSA. Average wide-field and second order SOFI images processed with Localizer are 
representative of N=3 independent experiments consisting of N=10 technical repeats (A). F-actin was 
labelled with Alexa Fluor 488 (green and nuclei with Hoechst33342 (blue). The dispersion of the wide-
field (B) and SOFI-processed (C) fibronectin fibres for each condition was calculated using a 
Directionality plugin in ImageJ and plotted. Scale bar = 10 μm. 
 
The direction of the fibres was highly dependent on the random orientation of the cells when 
cultured on round coverslips, but regardless of their orientation, the dispersion of the fibres 
within a cell remained the same, so this was a more accurate measurement for fibre 
organisation. However, Directionality may be an unreliable analysis as the lack of difference 
in dispersion between fibronectin in NF and KF, might be due to the poor goodness of fit 
(Good = 1, bad = 0) of the Gaussian of some cells (minimum of 0.11 and maximum of 0.97), 
compared to other methods, such as FiberFit (338). The poor goodness of fit may have been 
as a result of inadequate background noise removal, which will have affected the analysis of 
the fibres of interest. Another limitation of the Directionality analysis, as found by others, is 
that the plugin cannot detect multiple peaks, but instead uses the highest peak in the 
histogram to deduce the dispersion value, which can be misleading (Figure 89). Furthermore, 
the Directionality plugin does not work well on non-uniform images, such as those where 
there is less dense regions of fibronectin or variations in fluorescence intensity (206). 
Furthermore, the amount of fibres in a given orientation has also been shown to be 
underestimated in some instances (339).  
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Figure 89. Representative histograms of the amount of SOFI-processed fibronectin fibres in a given 
direction. The amount of fibronectin fibres in a given direction for each image was plotted as a 
histogram and the highest peak fitted with a Gaussian. Dispersion of the fibronectin fibres in KF (A&B) 
and NF (C&D) was measured from the standard deviations of the Gaussian. A good fit (values closer 
to 1) is one that has a single Gaussian peak with high values 0.96 for KF (A) and 0.93 for NF (C), whereas 
multiple peaks gave a poor goodness of fit (values closer to 0) with lower values 0.73 for KF (B) and 
0.71 for NF (D) .  
 
5.2.3 Conclusions based on abundance and directionality of fibronectin fibres  
 
Using the high spatial resolution obtainable by SOFI to investigate the nanoscale organisation 
of fibronectin fibres in greater detail than previously achieved with wide-field microscopy 
was the main objective of this work. It was hypothesised that as well as fibronectin being 
more abundant in KF compared to NF cells, fibronectin fibres in NF would be arranged in an 
orderly fashion, in one distinct direction, whilst fibres in KF would be more disorganised and 
thus aligned at multiple angles. Based on previous observations, it was also hypothesised 
that fibronectin fibres in cells incubated in serum free medium would co-distribute with F-
actin fibres. 
Since ECM proteins are involved in the wound healing process, it was logical to assume that 
fibronectin would also be elevated in keloids that result from abnormal wound healing (329). 
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Although, there was a mean two-fold increase in fibronectin abundance in KF compared to 
NF, reported by western blot analysis (Figure 87), this was lower than expected for KF where 
the accumulation of ECM proteins is usually abnormally high. To study the morphology of 
fibronectin in NF compared to KF, endogenous fibronectin was successfully labelled with 
Qdots and SOFI-processed up to second order using Localizer (89). Visually, there was no sign 
of co-distribution between fibronectin and F-actin in serum free medium, other than a small 
degree of overlap simply by chance (Figure 88A). The lack of co-distribution between 
fibronectin and F-actin can be further confirmed by calculating the Manders correlation 
coefficient (250) using JACoP (248) in ImageJ. Although, SOFI gave an increased SNR and 
improved spatial resolution, there was some artefacts in the images, associated with the 
SOFI-processing. Furthermore, no difference between the orientations of fibres in NF 
compared to KF in either the wide-field images or SOFI-processed images (Figure 89). Despite 
more fibronectin being present in images where the cells had been permeabilised (P) as 
opposed to non-permeabilised (NP) cells, there was also no obvious difference between the 
organisation of their fibronectin in both NF and KF. Directionality analysis was done in 2D 
cells in vitro, but the organisation of fibronectin fibres might differ in 3D tissue samples, 
which would better represent ex vivo. Therefore, it would be interesting to repeat these 
experiments with 3D SOFI. As the Directionality analysis has some limitations, another type 
of analysis that could have instead been used is one that analyses texture features (340), 
which has previously been used on collagen fibres (206). The future of image analysis is 
shifting towards the incorporation of machine learning and this is promising for the 
automated analysis of fibre organisation, which can be used to diagnose scar formation, and 
is therefore much anticipated by clinicians.  
 
 
5.3 Investigating NET abundance and localisation with SOFI 
 
Upon inflammatory stimuli, such as infection, neutrophils (white blood cells) defensively 
respond by bursting their cytoplasmic membrane and nuclei de-condense to release NETs, 
which are fibres composed of DNA and granule proteins that extracellularly engulf microbes 
as an immune defence mechanism (218), in a process known as NETosis. There is increasing 
interest in NETs, due to their involvement in a number of autoimmune diseases, such as 
rheumatoid arthritis (225) and SLE (229). Understanding the protein composition of NETs 
may uncover the role of NETs in the development of autoimmunity and auto-antibodies that 
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may lead to therapeutics against autoimmune diseases. Many different techniques have 
been used to identify proteins associated with NET formation, including 
immunocytochemistry (334, 341), FACS analysis (232), ELISA (231), and mass spectrometry 
(233). NETs are fragile and their associated proteins are not easily separated with 
fluorescence microscopy, which is why mass spectrometry has been employed, as an 
alternative unbiased approach. Although, fluorescence microscopy has been successfully 
used to characterise NETs (213), these images are limited by the resolution of the optical 
system, so it is challenging to establish the exact abundance and localisation of NET proteins. 
In collaboration with Helen Wright at the Institute of Ageing and Chronic Disease (University 
of Liverpool, UK), it was decided to study, in greater detail, the abundance and localisation 
of NET proteins in vitro using SOFI. By obtaining higher resolution images of NET-associated 
proteins, which are smaller than the resolution limit of light, their organisation with respect 
to one another can be established, which may lead to new insights into their function. 
 
5.3.1 Revealing structural information of SOFI-processed NETs 
 
NETs consist of DNA decorated with a number of proteins, including histone H3, citH3 (342, 
343), NE (213, 219), MPO (213), and PAD4 (340). Despite many of these NET-associated 
proteins being identified by proteomics, their organisation and role in forming NETs is yet to 
be fully established (219). The focus of this work, was to study, in greater detail, the 
abundance and localisation of NET-associated proteins, by obtaining high-resolution images, 
using SOFI. Although, NETs were first identified in 2004 (213), little is known about their 
abundance or localisation. NETs, consisting of granule proteins and chromatin (DNA and 
histones), have previously been imaged at high-resolution with SEM (219) and TEM (213), 
but these techniques require an expert user and are expensive to run. In addition, there have 
been doubts as to whether NETs can be discriminated from fibrin under inflammation when 
using SEM (220). Therefore, NETs have also been imaged with live cell imaging, but at low 
resolution (221). It was hypothesised that SOFI could provide a novel insight into the 
abundance and localisation of proteins along the NET fibres, being 15-17 nm in diameter, at 
high-resolution with a more gentle approach than the harsh fixation and preparation 
involved with SEM or TEM (213). Despite Qdots being unable to specifically label nuclear 
structures (149), such as histones, they should label proteins that decorate the structure of 
NETs, because these are extracellular (344).  
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To investigate the composition of proteins along the structure of NETs, these extracellular 
structures were labelled with Qdots and their wide-field images (100x 1.4 NA) SOFI-
processed. The release of granule proteins and chromatin from adherent neutrophil cells 
(extracted from blood) was stimulated with either a chemical, such as PMA, or the calcium 
ionophore A23187, to form NETs. For the production of NETs, for staining, white blood cells 
(neutrophils) were kindly isolated from healthy human blood donors by Elinor Chapman 
(post-doctoral researcher with Helen Wright at University of Liverpool, UK), who also 
provided the relevant antibodies. Care was taken when fixing the NETs with 4% (w/v) PFA 
and staining, because they were extremely fragile. NET-associated proteins NE, MPO, citH3, 
and PAD4 were stained using indirect immunofluorescence with primary antibodies against 
NE, MPO, citH3, and PAD4, which were labelled with Qdot-conjugated secondary antibodies 
in either green (Qdot 525) or red (Qdot 625). A positive staining control of activated 
neutrophils was incubated with Qdot-conjugated secondary antibodies only and no primary 
antibody, to rule out any possibility of non-specific binding of Qdots to neutrophils, which 
was negligible. Although, MPO has been labelled with Qdots previously (345), it had not yet 
been imaged with SOFI until now. Two-colour SOFI images of NETs was also achieved, 
through the sequential imaging of proteins labelled with Qdot 625 (red) and Qdot 525 
(green). In addition, a nuclear intercalating dye, Hoechst 33342, was added to show DNA 
expelled from nuclei, because this is the NET’s main structural component and co-localises 
with proteins decorated along its structure (213). To establish if a NET is present, 
quantification methods can be carried out (236). 
Generally, when neutrophils were incubated with dimethyl sulfoxide (DMSO, vehicle control) 
(60 μM), there was negligible NET production (estimated <1%). However, in some control 
samples, NETs were observed and specifically labelled with Qdots. The presence of NETs in 
unstimulated samples is not an isolated issue and has been observed by others, although the 
cause is unknown, it may be as a result of the isolation procedure when preparing neutrophil 
samples (218, 346). In unstimulated neutrophils, proteins were typically in granules and the 
nuclei lobulated (Figure 90). To confirm the lack of NET formation in unstimulated 
neutrophils, a previously published method was used (236), whereby the mean fluorescence 
intensities of DNA release (blue Hoechst 33342 channel) and the presence of NE (red Qdot 
625 channel) was compared in a wide-field image (same lamp power and gain used) using 
ImageJ by drawing a line profile (green) through a single granule protein in a neutrophil and 
its corresponding nuclei in a composite image (Figure 90D). In the presence of DMSO, there 
was a mean fluorescence intensity of 6875 a.u. for nuclei labelled with Hoechst 33342, 
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compared to a mean fluorescence intensity of 6454 a.u. for NE labelled with Qdot 625 (N=6 
granule proteins measured in a single wide-field image). The fluorescence intensity of the 
Hoechst 33342 channel was higher compared to the fluorescence intensity of Qdot 625 
channel, which confirmed that these were unstimulated NETs.  
 
Figure 90. Identifying NETosis in the presence of DMSO. Neutrophils were incubated with 60 μM 
DMSO, as a control, and stained using indirect immunofluorescence with a primary antibody against 
NE (A) and a corresponding Qdot 625 conjugated secondary antibody (red). DNA was stained blue 
with Hoechst 33342 (B). A composite image (C) was produced by taking wide-field images on an 
epifluorescence microscope (100x 1.4 NA). NET formation was quantified using ImageJ, by comparing 
the mean fluorescence intensities of DNA release (Hoechst 33342 channel) and the presence of NE 
(Qdot 625 channel). A line profile (D) was plotted by drawing a green line through a single granule 
protein in a neutrophil (A) and its corresponding nuclei channel (B) in a composite image (C). No NETs 
were released in the presence of DMSO as shown by the existence of lobulated nuclei, with higher 
intensities than NE. Scale bar = 10 μm.  
 
The most commonly imaged NET-associated proteins in the literature are NE and MPO, after 
neutrophil activation with PMA. To test whether Qdots can specifically label NET proteins, 
these were imaged by wide-field microscopy and SOFI-processed. Although, from the SOFI-
processed images, there were some distinct dots along the string-like fibres of the NETs 
(Figure 91), this could simply be due to the nature of Qdot labelling. To investigate whether 
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the density of Qdot labelling affected the resulting SOFI-processed images, a range of Qdot 
conjugated secondary antibody concentrations was tried, but this did not change the dot-
like pattern, which could either be resolved single NET-associated proteins or Qdot 
aggregates. Even with SOFI-processing, only granule proteins, rather than cytoplasmic 
proteins, were seen on the NET structures, as was the original observation when imaged with 
standard fluorescence microscopy (213). The amount and distribution of NETs was also 
variable between samples, as observed by other researchers (221, 220). Often, very few NETs 
(estimated <5%) were present, when stimulated with PMA or the calcium ionophore A23187, 
which may be as a result of the fragile nature of NETs, the dose of the chosen stimuli, or the 
biological variation in donor response to each agonist.  
 
Figure 91. SOFI-processed NETs released in response to PMA stimulation. Neutrophils were 
incubated with 50 mM PMA to induce NETs that were stained using indirect immunofluorescence with 
primary antibodies against MPO (A) and NE (B), which were labelled with Qdot 525 (green) and Qdot 
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625 (red), respectively. DNA was stained blue with Hoechst 33342 (C) to produce a single composite 
image (D). Wide-field images were taken on an epifluorescence microscope (100x 1.4 NA) and 
subsequently SOFI-processed (E-G) using Localizer to produce a single composite SOFI image (H). Scale 
bar = 10 μm. 
 
The release of proteins associated with NETs is unique to the type of stimulus used to mimic 
inflammation. For instance, PMA, an activator of protein kinase c (PKC), predominately 
induces the release of NE and MPO (Figure 91), whereas the calcium ionophore A23187, 
mediates the release of citurllated histones (post-translational modification, which converts 
arginine residues to citrulline on histones) and PAD4 (347). As the release of NETs has 
previously been shown to be absent from mutated mouse neutrophils that lacked PAD4, it is 
known that PAD4 is an important player in the process of NETosis (348). Since PAD4 is 
responsible for the post-translation modification of histone H3, that causes the conversion 
of arginine residues into citrulline residues within proteins to form citH3 (349), SOFI-
processing was used to evaluate the abundance and localisation of the nuclear protein PAD4 
in relation to citH3. Furthermore, citH3 was of interest, because it has been recognised as a 
potential marker of NETosis, as deamination is specific to the NETosis process, whereas the 
leakage of other granule proteins, such as MPO, may be confused with necrosis (225). It was 
hoped that by investigating the protein composition of PAD4 and protein deamination of 
histones that occurs in the nucleus of neutrophils, in the long term, it would help to reveal 
its role in different pathological states, as there is increasing evidence of PAD4 being involved 
in a number of diseases such as RA (226), multiple sclerosis (350), and Alzheimer’s disease 
(351). To investigate the implications of histone modification induced by PAD4, endogenous 
PAD4 and citH3 in healthy neutrophils stimulated with the calcium ionophore A23187, were 
stained by indirect immunofluorescence. PAD4 was labelled with Qdot 625 (red), whilst citH3 
was labelled with Qdot 525 (green). Other researchers also observed that fewer NETs were 
present when probed with PAD4 primary antibodies, due to challenges of detecting the low 
level expression of endogenous PAD4 in neutrophils by immunofluorescence (224, 339). 
Those NETs probed for citH3 and PAD4 with Qdots were often in a cloud-like pattern (Figure 
92), rather than fibres as seen with NE and MPO (Figure 91). NETs can present in different 
types of forms, and a cloud-like pattern has also been recognised by other researchers in 
unfixed and hydrated NET samples (218, 352, 353).  Whether there is a functional difference 
between NETs that are released in a filamentous form versus a cloud-like formation, is 
currently unknown. Although, SOFI-processing removed a considerable amount of out-of-
focus light, the cloud-like formation of NETs released made it difficult to obtain any extra 
structural information about the protein composition. So far, the interpretation of the SOFI-
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processed NET images has been qualitative, by visual observation, rather than quantitative 
means. Quantification was not necessary at this point, because it was adequate to assess the 
spatial resolution improvement, attained with SOFI-processing, through visual inspection of 
the NET structures.  
 
Figure 92.  SOFI-processed NETs induced by A23187 activation. Neutrophils were incubated with 5 
μM A23187 to induce NETs that were stained using indirect immunofluorescence with primary 
antibodies against citH3 (A) and PAD4 (B), which were labelled with Qdot 525 (green) and Qdot 625 
(red), respectively. DNA was stained blue with Hoechst 33342 (C) to produce a composite image (D). 
Wide-field images were taken on an epifluorescence microscope (100x 1.4 NA plus a 2.5x magnifying 
lens) and subsequently SOFI-processed (E-G) using Localizer to produce a composite SOFI image (H). 
Scale bar = 5 μm.  
 
The most obvious way to quantify NETs, is to physically count the number of decondensed 
DNA and NET-associated proteins by eye, although time-consuming. However, images of 
NETs can also be quantified using automated image analysis tools (236, 354), including high-
throughput approaches, such as the open-source DANA (238), implemented in ImageJ. 
Despite these tools, it is still challenging to count individual proteins along the structure, 
particularly with SOFI-processed images, which contain correlated intensity values. 
Therefore, the abundance of localisation of NET proteins has yet to be quantified here. 
However, the presence of NETs was verified, before SOFI-processing, by comparing the 
fluorescence intensity of an intercalating DNA dye against that of a NET-associated protein 
(236). The lobulated nucleus of unstimulated neutrophils is always highly saturated with 
bright intensity, whilst the DNA of the NET itself is of much lower fluorescence intensity 
(Figure 90D). Although, if unstimulated neutrophils are in the same FOV as stimulated 
neutrophils, it makes it difficult to acquire both the NET and the point at which the NET was 
released. Another limitation with quantifying the NETs is that the distance between proteins, 
along the structure of a NET, may be affected by the level of labelling, for instance, if labelling 
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is sparse there might not be much coverage along the structure due to steric hindrance of 
the Qdots. An alternative approach to quantifying the proportion of citrullated histones, 
along NET structures, is by using co-localisation methods, such as the Manders correlation 
coefficient, by comparing the localisation of H3 with citH3 (247). The co-localisation of 
proteins, that have been SOFI-processed, has been achieved previously (108). Furthermore, 
the manual imaging and quantification of NETs is tedious, low throughput, lacks 
reproducibility, and introduces an element of bias, which is why some groups have 
developed automated approaches based on machine learning (355).  
 
5.3.2 Conclusions drawn from processing NET images with SOFI 
 
By using SOFI, to resolve proteins associated with NETs at higher spatial resolution, it was 
hoped that more structural information about their abundance and localisation may be 
achieved. Although, MPO had been labelled with Qdots previously (345), there was no 
evidence of any other NET-associated proteins having been labelled with Qdots or SOFI-
processed with Localizer. It was shown that in control samples, where neutrophils were 
incubated in DMSO (60 μM), negligible NETs were released, as the fluorescence intensity of 
Hoechst 33342 was higher than that of the granular protein NE (Figure 90). However, when 
stimulated with PMA or A23187, NETs were formed in either fibres (Figure 91) or a cloud-
like formation (Figure 92), and their associated granular proteins released into extracellular 
space. As NETs span a large FOV, to capture both the NET and the site of release from the 
nucleus, images were acquired at the highest possible magnification (100x 1.4 NA), but often 
below Nyquist sampling expected for optimal SOFI-processing (100x 1.4NA plus a 1.6x 
magnifying lens), and therefore at the expense of resolution. Although, SOFI removed a 
considerable amount of out-of-focus light from the wide-field images, some potentially 
important NET structures were completely removed from the SOFI-processed images, as a 
result of uncorrelated fluorescence signal. Despite this loss in information, SOFI-processing 
did enhance the dot-like pattern of the proteins along the NET structures (Figure 91). The 
dot-like nature of the images results from the real organisation of proteins along the NETs 
and not the sparse labelling of Qdots. Utilising SOFI for the visualisation of NETs has 
important clinical implications, because by investigating the way in which NETs form, in 
greater detail, will ultimately contribute towards a better understanding of the proteins’ 
involvement in autoimmune disease. Furthermore, to complement the advantage of SOFI, a 
robust quantification method for SOFI-processed NETs needs to developed, which would 
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enable the protein abundance and localisation of NETs to potentially be used as a biomarker 
for the diagnosis of many pathological conditions. Helen Wright’s research group are 
concerned with the involvement of NETs in disease, in particular, RA. Although, it has already 
been established that there is an enhanced production of NETs in RA patients (226), it has 
yet to be shown whether the protein composition of NETs in RA patients differs from that of 
healthy patients, with super-resolution microscopy, so this will be the focus of future 
collaborative work. 
 
5.4 Study into the deposition of LM-332 in relation to LaNt α31 using SOFI 
 
As part of a collaboration with Kevin Hamill’s research group in the Department of Eye and 
Vision Science, at the Institute of Ageing and Chronic Disease (University of Liverpool, UK), 
the distribution of the LaNt α31 protein in immortalised corneal epithelial cells (hTCEpi), in 
relation to other laminins, such as LM-332, was investigated, at high-resolution, using SOFI. 
 
5.4.1 Localisation of LaNt α31 with LM α3 
 
Heterotrimeric basement membrane proteins, laminins, have important roles within the 
ECM, including during cell migration and cell adhesion, which influences embryonic 
development and the wound healing process of skin tissue. Investigating the role of laminins 
in wound healing would further our understanding of the genetic skin fragility disorder JEB, 
which results in severe blistering of skin due to LM-332 (previously laminin 5) subunit 
mutations (241). A relatively small laminin-related protein, LaNt α31 (64 kDa), also has an 
involvement in wound healing, and may therefore affect the assembly of LM-332 within the 
ECM. Unlike LM-332, little is known about LaNt α31, with the only published work identifying 
expression and distribution without any deep mechanistic insight (244, 245). 
Distinct staining patterns of LM-332 are present in different cultured cells (202). A former 
study found a rose-like pattern for LM-332 in stationary (non-migrating) human 
keratinocytes (skin cells), whereas LM-332 was positioned in more of a trail-like manner for 
those that migrated (202, 242). This cell specific LM-332 patterning may be due to the degree 
of cell movement, which in turn could cause differences in the function of LM-332 (202). This 
variance in staining pattern has yet to be detected ex vivo, for different tissues, as high-
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resolution imaging of tissues, consisting of intact basement membranes, is not possible with 
standard fluorescence microscopy (202). To discern LM-332 patterns, in different tissues, a 
high-resolution microscopy method is required. Although, different staining patterns of LM-
332 has already been established for specific cell types, in vitro (202), this was done with 
conventional fluorescence microscopy, which may mask important information about the 
localisation of LM-332. Therefore, SOFI was used here to gain a better insight into the 
localisation of LM-332 with respect to LaNt α31 in the ECM, by providing a high-resolution 
image.  
Just as the deposition pattern of LM-332 differs in different cell types, the deposition of LaNt 
α31 may also be distinct for specific cells. Others have shown using standard fluorescence 
microscopy that LaNt α31 is in distinct puncta near the leading edge of the cell (244, 355). 
Endogenous LaNt α31 was probed in HeLa, HaCaT, and hTCEpi by indirect 
immunofluorescence with the primary antibody 3E11 against LaNt α31 (244), kindly provided 
by collaborator Kevin Hamill (University of Liverpool, UK), plus secondary antibodies 
conjugated to Alexa Fluor 488 and Qdot 625. Localisation was similar for all cell types, with 
Alexa Fluor 488 specifically labelling puncta at nuclei, but not at the leading edge. The LaNt 
α31 signal of Qdot 625 (red) was diffuse, with discrete puncta in the nucleus for Alexa Fluor 
488 (green) only (Figure 93). Although, laminin deposition is extracellular, for LaNt α31, 
intracellular puncta may be present beneath the cell, and therefore could not be labelled 
with Qdots (Figure 93). 
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Figure 93. Localisation of endogenous LaNt α31 in different cell types. LaNt α31 in fixed HeLa cells  
was dual-labelled with Alexa Fluor 488 in green (A) and Qdot 625 in red (B) to produce a composite 
wide-field image (C), using indirect immunofluorescence with the primary antibody 3E11 against LaNt 
α31 and Alexa Fluor 488/Qdot 625 conjugated secondary antibodies. LaNtα31 was also dual-labelled 
in HaCaT (D-F) and hTCEpi (G-I) cells in the same manner and imaged on an epifluorescence 
microscope (63x 1.4 NA). Scale bar = 20 μm.  
 
To test whether the localisation of LaNt α31 was intracellular or extracellular, endogenous 
LaNt α31 was labelled with Qdot 625 and Alexa Fluor 488, in permeabilised and non-
permeabilised HeLa cells, by indirect immunofluorescence. Fixed HeLa cells (+/- 0.25% Triton 
X-100) were incubated with 3E11 mouse monoclonal primary antibodies and Alexa Fluor 
488/Qdot 625 conjugated secondary antibodies. Only staining of LaNt α31-Alexa Fluor 488 
puncta was present in HeLa cells that had been permeabilised with the detergent Triton X-
100 (0.25%), which confirms that LaNt α31 is intracellular (Figure 94). It is also worth noting 
that, in parallel to experiments, control cell samples, incubated without any primary 
antibodies, but with conjugated secondary antibodies only, were performed to check for any 
non-specific binding to cells, which was negligible. 
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Figure 94. Localisation of endogenous LaNt α31 in permeabilised and non-permeabilised cells. 
Endogenous LaNt α31 was simultaneously labelled with green Alexa Fluor 488 in fixed HeLa cells that 
had either been permeabilised with 0.25% Triton X-100 (A) or non-permeabilised (B), and red Qdot 
625 in permeabilised (C) and non-permeabilised (D) cells. Indirect immunofluorescence with the 
primary antibody 3E11, against LaNt α31, and Alexa Fluor 488/Qdot 625 conjugated secondary 
antibodies, showed LaNt α31-Alexa Fluor 488 puncta in permeabilised cells by imaging on an 
epifluorescence microscope (63x 1.4 NA). Scale bar = 20 μm. 
 
Data showing endogenous LaNt α31-Alexa Fluor 488 being present in intact permeabilised 
HeLa cells, but absent from non-permeabilised HeLa cells (Figure 94), is comparable to a 
previous study where endogenous LaNt α31 was absent from ECM extracts in which HaCaT 
cells had been removed to just leave the ECM material (356). The absence of LaNt α31 
staining in hTCEpi cells within the ECM, indicates that LaNt α31 is not completely 
extracellular, but rather intracellular in some cell types. To continue investigating the 
localisation of LM-332 and LaNt α31, since endogenous LaNt α31 could not be labelled with 
Qdots, hTCEpi cells were transduced with exogenously expressed adenovirus LaNt α31 
tagged with GFP (LaNt α31-GFP).  The localisation of LaNt α31 in the deposited ECM was 
tested by removing hTCEpi cells with ammonium hydroxide (NH4OH). Exogenous LaNt α31-
GFP was labelled by indirect immunofluorescence with an anti-GFP primary antibody and a 
Qdot 625 conjugated secondary antibody in both samples of intact hTCEpi cells and those 
where the cells had been removed. The localisation of exogenous LaNt α31 in intact hTCEpi 
cells was different to that of endogenous LaNt α31. Exogenous LaNt α31 had a similar diffuse 
GFP signal to Qdot 625 in intact hTCEpi cells (Figure 95), whilst previously endogenous LaNt 
α31 had puncta at the nuclei with Alexa Fluor 488 (Figure 94). To check that the change in 
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organisation of the LM-332 subunit, LM α3 deposition was as a result of cells containing 
exogenous LaNt α31-GFP, and not just the effect of the GFP tag itself, the organisation of LM 
α3 could have been imaged separately in hTCEpi cells expressing LaNt α31-GFP and a control 
of GFP expressing cells. In addition, contrary to previous evidence that exogenous LaNt α31 
is apparent in the ECM (356), here exogenous LaNt α31-GFP was specifically labelled with 
Qdots in intact hTCEpi cells, but absent from ECM deposits where hTCEpi cells had been 
removed (Figure 95). In light of these observations, the next set of SOFI experiments, 
involving the labelling of LM-332 and LaNt α31 with Qdots, thereafter, were performed in 
intact hTCEpi cells.  
 
Figure 95. Localisation of exogenous LaNt α31. The removal of hTCEPi cells, transduced with LaNt 
α31-GFP, was performed with ammonium hydroxide. Exogenous green LaNt α31-GFP (A & B) was 
labelled by indirect immunofluorescence with an anti-GFP primary antibody (Roche, UK) and a red 
Qdot 625 conjugated secondary antibody (C &D), in intact hTCEpi cells and those consisting of ECM 
only. Qdots were imaged over time on an epifluorescence microscope (63x 1.4 NA). Specific Qdot 625 
labelling of exogenous LaNt α31-GFP was observed in intact hTCEpi cells (C), but not ECM deposits (D). 
Prepared hTCEpi samples, transduced with LaNt α3-GFP (+/- ammonium hydroxide), were kindly 
provided by Kevin Hamill (University of Liverpool, UK). Scale bar = 20 μm. 
 
To confirm that the lack of endogenous LaNt α31 reactivity in ECM deposits is unique to this 
laminin-related protein, LM α3, a subunit of LM-332, was also probed with monoclonal RG13 
(recognises the G domain) primary antibodies (357) and Qdot 625 secondary antibodies in 
hTCEpi samples, where cells had been extracted with ammonium hydroxide, and also intact 
cells. After imaging with epifluorescence microscopy (63x 1.4 NA), it was clear that LM α3 
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was present in both intact cells and insoluble ECM deposits. However, the collection of light 
above and below the plane of LM α3 yielded out-of-focus light in the wide-field image due 
to diffraction, reducing the contrast and causing LM α3 to appear blurred. By SOFI-processing 
LM α3 in both scenarios, its structure was more discerned through the background removal 
of out-of-focus light, which increased the SNR of the image and in turn enabled sharper 
features of LM α3 to be revealed (Figure 96). Both endogenous LM α3 and exogenous LaNt 
α31 are present in intact hTCEpi cells, but only LM α3 is present in ECM extracts, which may 
suggest that these two proteins do not interact at the cell surface. The plan was therefore, 
to use SOFI to further investigate the localisation of LaNt α31 relative to matrix proteins 
(laminins) and transmembrane (integrins, focal adhesions, and lamellipodia) proteins in 
intact hTCEPi cells. 
 
 
Figure 96. SOFI-processed LM-332-Qdot 625. LM α3 subunit of LM-332 in hTCEpi cells was labelled by 
indirect immunofluorescence with RG13 primary antibodies against LM α3 and Qdot 625 conjugated 
secondary antibodies. Qdots were imaged over time on an epifluorescence microscope (63x 1.4 NA). 
Wide-field images of LM α3-Qdot 625 (A) were SOFI-processed with Localizer in MATLAB (B). Wide-
field images of extracellular LM α3 (C) were also SOFI-processed (D) by removing hTCEpi cells with 
ammonium hydroxide to leave the ECM intact. Wild-type hTCEpi cells and primary antibody RG13, 
were kindly provided by Kevin Hamill (University of Liverpool, UK). Scale bar = 20 μm. 
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There has been suggestions, by Kevin Hamill’s research group, that the deposition of LM-332 
is decorated with LaNt α31 puncta at the leading edge of the cell and that there is partial co-
localisation between LM-332 and LaNt α31 at this region (246). The co-localisation of LaNt 
α31 and LM-332 deposition has been studied previously with fluorescence microscopy (244). 
It was hypothesised that overexpressing LaNt α31-GFP would alter the organisation of LM-
332 deposition in hTCEpi cells. SOFI could better resolve the distinct puncta of LM α3 in 
hTCEpi cells, transduced with LaNt α31-GFP, than in wild-type hTCEpi cells, which may 
instead result in SOFI images of bigger, swirl-like structures of LM α3. In order to investigate 
whether LaNt α31 and the LM α3 subunit of LM-332 co-distribute, in intact hTCEpi cells, with 
SOFI, exogenous LaNt α31-GFP and LM α3-Qdot 625 were imaged sequentially with 
epifluorescence microscopy (100x 1.4 NA plus a 1.6x magnifying lens). As the GFP signal from 
exogenous LaNt α31 was faint, the signal was enhanced, to an adequate level for sufficient 
SOFI-processing, by being probed with an anti-GFP primary antibody and a Qdot 525 
conjugated secondary antibody (green). Excitation (dotted lines) and emission (solid lines) 
spectra of green GFP/Qdot 525 and far red Qdot 625 are very distinct, thus avoiding spectral 
overlap (Figure 97). 
 
Figure 97. Excitation and emission spectra for GFP, Qdot 525, and Qdot 625.  Excitation of GFP (black 
dotted line), Qdot 525 (green dotted line), and Qdot 625 (red dotted line) were plotted against 
excitation of GFP (black solid line), Qdot 525 (green solid line), and Qdot 625 (red solid line). Data for 
the excitation and emission spectra were exported from Fluorescence SpectraViewer on the Thermo 
Fisher Scientific, UK website. 
 
The fact that the exogenous LaNt α31 was already tagged with GFP, had negligible impact on 
the acquisition of Qdot 525, in the green channel. During SOFI-processing, any noise or 
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stationary (non-fluctuating) fluorescence would be recognised as uncorrelated signal and 
therefore, removed from the resulting SOFI image; so only the Qdot 525 labelled LaNt α31, 
will contribute to the final SOFI image. From the two-colour SOFI-processed composite 
image, it was clearer, compared to the wide-field composite image, that there was no co-
localisation between LaNt α31-Qdot 525 and LM α3-Qdot 625, at the leading edge of hTCEpi 
cells, due to the removal of diffuse hazy signal (Figure 98).   
 
 
Figure 98. Investigating the co-localisation of LaNt α31 and LM α3 using SOFI images obtained from 
epifluorescence acquisition. LaNt α31 and LM α3 were dual-labelled with Qdots in fixed hTCEpi cells 
that had been transduced with LaNt α31-GFP. Using indirect immunofluorescence, LaNt α31-GFP was 
further labelled green by incubating with an anti-GFP primary antibody and a Qdot 525 conjugated 
secondary antibody (A), whilst endogenous LM α3 was labelled red using an anti-RG13 primary 
antibody against the G domain of LM α3 and a Qdot 625 conjugated secondary antibody (B), to 
produce a dual-labelled composite image (C). Both wide-field stacks of LaNt α31-Qdot 525 and LM α3-
Qdot 625, obtained on an epifluorescence microscope (100x 1.4 NA plus a 1.6x magnifying lens), were 
post-processed with Localizer to form SOFI images (D) and (E) respectively.  A composite SOFI image 
(F), from epifluorescence acquisition, shows no co-localisation between LaNt α31-Qdot 525 and LM 
α3, at the leading edge of hTCEpi cells. Scale bar = 20 μm. 
 
Since laminins are basement membrane proteins, residing at the extracellular surface of 
cells, the localisation of exogenous LaNt α31 and endogenous LM α3 was determined with 
TIRF microscopy. Although, the localisation of LM α3-Qdot 625 was similar for both 
epifluorescence and TIRF microscopy, the deposition pattern of LaNt α31-Qdot 625 was 
considerably different when imaged with TIRF (Figure 99), compared to epifluorescence 
microscopy (Figure 98). Unlike wide-field microscopy, there is negligible out-of-focus light 
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with TIRF, so the SNR is much better in TIRF images than wide-field images, pre-SOFI-
processing. The distinct puncta (small spot-like structures) of LaNt α31 was more obvious in 
the SOFI-processed TIRF images than previously with the SOFI-processed wide-field images, 
due to the increased SNR. The combined advantage in improved SNR with TIRF and SOFI, 
confirmed the absence of co-localisation between exogenous LaNt α31 and endogenous LM 
α3, at the leading edge of the cell. Due to the benefit of SOFI-processing TIRF acquired images 
of basement membrane proteins, future imaging of LaNt α31 was therefore done with TIRF 
microscopy, as opposed to epifluorescence microscopy.  
 
Figure 99. Investigating the co-localisation of LaNt α31 and LM α3 using SOFI images obtained from 
TIRF acquisition. LaNt α31 and LM α3 were dual-labelled with Qdots in fixed hTCEpi cells that had 
been transduced with LaNt α31-GFP. Using indirect immunofluorescence, LaNt α31-GFP was further 
labelled green by incubating with an anti-GFP primary antibody and a Qdot 525 conjugated secondary 
antibody (A), whilst endogenous LM α3 was labelled red using an anti-RG13 primary antibody against 
the G domain of LM α3 and a Qdot 625 conjugated secondary antibody (B), to produce a dual-labelled 
composite image (C). Both wide-field stacks of LaNt α31-Qdot 525 and LM α3-Qdot 625, obtained on 
a TIRF microscope (100x 1.46 NA plus a 1.6x magnifying lens), were post-processed with Localizer to 
form SOFI images (D) and (E) respectively.  A composite SOFI image (F), from TIRF acquisition, shows 
no co-localisation between LaNt α31-Qdot 525 and LM α3, at the leading edge of hTCEpi cells. Scale 
bar = 20 μm.  
 
Live cell imaging has already provided insights into the potential mechanisms that lead to 
LM-332 deposition, and it has been speculated by Kevin Hamill’s research group that cell 
surface receptors, such as integrins, have some involvement in its regulation (204). Previous 
studies have identified a difference in LM-332 deposition in the presence of α3β4 integrin 
using wild-type keratinocytes, where LM-332, a ligand of  α3β4 integrin, was deposited 
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diffusely in arc-like structures, compared to being linearly deposited in spike-like patterns in 
the absence of  α3β4 integrin in knockout keratinocytes; as they were unable to form a LM-
332 network (240). In addition, if either LM-332 and α6β4 integrin, that form the 
hemidesmosome, are mutated, it can lead to skin blistering (246). This parallel relationship 
between LM-332 and α6β4 integrin leads to questions whether α6β4 integrin influences the 
organisation of LM α3 deposition and that these two proteins might share a common 
function (358).  
Likewise, as focal adhesions form at the leading edge of the cell, in close proximity to LM-
332 and LaNt α31, it has been suggested by Kevin Hamill’s research group that these also 
have some involvement in the deposition process of LM-332 and LaNt α31, as former 
experiments showed an alteration in focal adhesions when LaNt α31 was exogenously 
expressed (357). Furthermore, it has been demonstrated, using a proximity ligation assay 
(PLA), that ACTN4, an actin binding protein, co-localises with exogenous LaNt α31 at the edge 
of hTCEpi cells (357). Although, it would have been interesting to investigate the association 
between endogenous LaNt α31, LM α3, and transmembrane proteins (α6β4 integrin, actin, 
and talin), with SOFI, unfortunately integrin nor focal adhesions could be labelled specifically 
with Qdots, as shown previously (149). However, endogenous LM α3 and ACTN4 was labelled 
with Qdot 625 and Alexa Fluor 488, respectively. No co-distribution was apparent between 
ACTN4-Alexa Fluor 488 and LM α3-Qdot 625 in wild type hTCEPi cells (Figure 100). The 
staining of endogenous ACTN4 and LM α3 ought to be repeated in hTCEpi cells expressing 
exogenous LaNt α31, to see whether LaNt α31 changes the organisation of ACTN4 and LM 
α3 when LaNt α31 expression is abundant, as seen previously (356).  
 
 
Figure 100. Co-distribution of ACTN4 and LM α3-Qdot 625. ACTN4 and LM α3 were dual-labelled with 
Alexa Fluor 488 (A) and Qdot 625 (B), respectively, in fixed hTCEpi cells using indirect 
immunofluorescence with primary and secondary antibodies and subsequently imaged on an 
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epifluorescence microscope (63x 1.4NA). A composite image (C) shows no co-distribution between 
endogenous ACTN4 and LM α3. Scale bar = 20 μm.   
 
The organisation of exogenously expressed LM-332 was also investigated using a different 
subunit of LM-332, laminin beta 3 (LM β3), to see whether it gave the same localisation 
pattern as endogenous LM α3 when imaged with TIRF microscopy. Fixed hTCEpi cells were 
transduced with LM β3-mCherry (red) and endogenous LM α3 labelled with Qdot 525 (green) 
by incubating cells with an RG13 primary antibody against LM α3 and a Qdot 525 conjugated 
secondary antibody. After imaging using TIRF microscopy (63x 1.46 NA plus a 1.6x magnifying 
lens), a similar localisation pattern of exogenous LM β3-mCherry and endogenous LM α3-
Qdot 525 was observed, with some degree of overlap (Figure 101).  
 
 
Figure 101.  Comparing the localisation of exogenous and endogenous LM-332. Exogenous LM β3-
mCherry (A) was imaged using TIRF microscopy (100x 1.46 NA plus a 1.6x magnifying lens) in hTCEpi 
cells that were also probed for endogenous LM α3 (B) using indirect immunofluorescence, by 
incubating cells expressing LM β3-mCherry (red) with an RG13 primary antibody against LM α3 (kindly 
provided by Kevin Hamill at University of Liverpool, UK) and a Qdot 525 conjugated secondary (green). 
The composite image (C) showed some regions of overlap between LM β3-mCherry and LM α3-Qdot 
525, which suggests that exogenous LM-332 and endogenous LM-332 have the same deposition 
pattern. Scale bar = 10 μm.  
 
To check that the overlap in fluorescent signal between LM β3-mCherry and LM α3-Qdot 525 
was real and not a result of artefacts, due to the fluorescent tag, LM β3-mCherry was also 
imaged in live hTCEpi cells, before methanol fixation. LM β3-mCherry was then stained with 
Qdot 525 by incubating with an anti-mCherry primary antibody (kindly provided by Kevin 
Hamill at University of Liverpool, UK) and a Qdot 525 conjugated secondary antibody. There 
was no difference in the localisation or fluorescent signal of LM β3-mCherry pre and post 
methanol fixation. Although, some structural details were lost in the Qdot 525 channel, for 
instance at the centre of LM β3, suggesting that the Qdot 525 conjugated secondary antibody 
 246 
 
cannot access LM β3, and therefore only specifically labels the outer regions (Figure 102). 
Live TIRF imaging of hTCEpi cells co-transduced with LM β3-mCherry and LaNt α31-GFP, may 
provide useful insights into whether exogenous LaNt α31 does indeed co-distribute with LM-
332, to cause a change in the organisation of LM-332.  
 
 
Figure 102. Labelling exogenous LM β3 with Qdots. Fixed hTCEpi cells were transduced with LM β3-
mCherry and imaged using TIRF microscopy (100x 1.46 NA plus a 1.6x magnifying lens). LM β3-
mCherry (A) was labelled with green Qdot 525 (B) using indirect immunofluorescence by incubating 
with an anti-mCherry primary antibody (fixed hTCEpi cells and anti-mCherry primary antibody were 
kindly provided by Kevin Hamill at University of Liverpool, UK) and a Qdot 525 conjugated secondary 
antibody. The edges of exogenous LM β3 was more specifically labelled with Qdot 525 than the middle 
of the cell. Scale bar = 10 μm.  
 
 
5.4.2 Summarising the co-localisation of LaNt α31 and LM-332 findings 
 
To fully understand the role of laminins in wound healing, the mechanisms by which the 
proteins that form the ECM are deposited, must first be understood. As defects in laminin 
deposition typically leads to impaired wound healing, through mutations in LM-332 subunits 
(246), the organisation of LM α3 deposition and any potential interaction with the secreted 
protein LaNt α31 in the ECM was studied, using SOFI. Confocal microscopy images of LM α3 
and LaNt α31 localising at the edge of the cell were of low-resolution (244), so any potential 
protein-protein interaction, portrayed as partial co-localisation, may be less apparent once 
resolved spatially with SOFI (270). It was shown that in all of the three cell lines tested (HeLa, 
HaCaT, and hTCEpi), endogenous LaNt α31 was distributed near the nucleus of cells stained 
for LaNt α31-Alexa Fluor 488 (Figure 93). Although, endogenous LM α3 could be specifically 
labelled with Qdots in hTCEpi cells (Figure 96), interestingly, endogenous puncta of LaNt α31 
could not be labelled with Qdots, even though the protein is secreted and thought to be 
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extracellular (Figure 94). These findings suggest that LM α3 is extracellularly positioned on 
the surface of the cell, whereas LaNt α31 may be localised intracellularly, beneath the cell, 
on par with how accessible foci adhesion proteins have been found to be to Qdots (149).  
To investigate the effect of LaNt α31 on the deposition of LM α3, hTCEpi cells were 
transduced with the adenovirus LaNt α31-GFP and subsequently labelled with Qdot 525 for 
SOFI-processing. With TIRF microscopy (Figure 99), the punctate distribution of LaNt α31 was 
more obvious than in images acquired with epifluorescence microscopy (Figure 98). 
Nevertheless, in both the TIRF and wide-field SOFI-processed images, it was clear that there 
was no co-localisation between exogenous LaNt α31-Qdot 525 and LM α3-Qdot 625. One 
explanation for the lack of co-localisation between exogenous LaNt α31 and LM α3, is that 
the exogenous LaNt α31 might have disrupted LM α3 deposition, by competing for LM-LM 
interactions, preventing it from creating a matrix (356). To be sure, the degree of co-
localisation, in the composite SOFI images, could be quantified using Manders correlation 
coefficient (250) or alternatively, the LaNt α31 and LM α3 interaction could be studied with 
a PLA (359), as performed previously (356).  
All of these SOFI experiments, involving LaNt α31 and LM α3, were performed in fixed cells, 
where information about their movement is lost. For live cell SOFI-processing, LaNt α31 and 
LM α3 could be tagged with a fluorescent photoswitchable protein, such as Skylan-S, and 
resolved with SOFI (107). Additionally, fluorescent images post-processed with SOFI, could 
be combined with AFM to further study any potential interaction between LaNt α31 and LM-
332. Of interest, is the deposition pattern of LM α3, which appears to differ in different cell 
types (202), and as different cell lines are known to express other laminins, future work will 
focus on studying whether other LM-332 subunits are affected by the overexpression of LaNt 
α31, using SOFI. Furthermore, now images of LaNt α31 and LM α3 have been SOFI-processed 
in vitro, attention will concentrate on obtaining SOFI-processed images of LaNt α31 and LM 
α3, ex vivo, in tissue samples. It is hoped that by determining the mechanism by which LM-
332 subunits, responsible for JEB when mutated, are deposited within the ECM, therapeutic 
targets may be developed through the exploitation of laminins (246).  
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Chapter 6: Discussion and conclusions 
 
6.1 Summary of results 
 
At the start of this project, in 2014, few had used SOFI to address specific biological 
questions, and instead most articles (85, 93) focused on the development of imaging 
technology with filamentous structures such as microtubules used as proof of principle 
samples. Through collaborations, this work set out to apply super-resolution microscopy to 
several biological questions, involving a variety of different proteins, such as HIF-2α, 
fibronectin, NET-associated proteins, and LaNt. SOFI was chosen as the primary super-
resolution microscopy technique, because it is open-source, does not require any 
sophisticated hardware, and it can in theory be applied to live biological systems. The only 
prerequisite for performing SOFI measurements was that structures had to be labelled with 
a fluctuating probe. Several options were explored, including the use of commercial Qdot-
Abs and those synthesised in-house, synthetic organic dyes and fluorescent proteins. Since 
the conjugation of Qdots to anti-GFP nanobodies, using cross-linking reagents sulfo-NHS and 
EDC was unsuccessful, commercial Qdot-Abs were used as an alternative. Qdot-Abs 
fluctuated on all timescales and produced SOFI images, with improved resolution and SNR. 
However, as documented in a recent publication the commercially available Qdot-Abs failed 
to specifically label intracellular targets of interest, such as HIF-2α (149) and LaNt α31.  
To enable HIF-2α to be labelled with a fluctuating probe, the RSFP tag Skylan-S was fused to 
HIF-2α to create a HIF-2α-Skylan-S construct. Using Skylan-S, HIF-2α was resolved with SOFI 
in fixed cells. Unfortunately, since SOFI assumes that fluorophores are immobile and do not 
photobleach, due to the fast mobility of HIF-2α, this protein could not be adequately imaged 
with SOFI in live cells. However, Skylan-S can be successfully used to image slow moving 
proteins in live cells (106). Co-localisation of HIF-2α-Skylan-S with potential binding partners 
was not studied with SOFI, since few red RSFPs, suitable for SOFI, are available to do 
multiplex SOFI, in combination with the green RSFP Skylan-S. However, the nuclear 
localisation of HIF-2α into speckles, and its association with other related nuclear proteins, 
was investigated with other super-resolution techniques, using antibodies. The release of 
SRRF in 2016, allowed the co-localisation of live HIF-2α and closely associated proteins to be 
carried out at high-resolution. Both endogenous and exogenous HIF-2α was in speckles, with 
super-resolution microscopy, which is in agreement with previous observations by Taylor et 
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al., using conventional fluorescent microscopy (185). However, in contrast to data obtained 
by Taylor et al., (185), co-localisation of endogenous HIF-2α with potential binding partners 
decreased using super-microscopy confirming that co-localisation using poorly resolved 
microscopy results in an overestimation of interactions. Although, using wide-field 
microscopy, HIF-2α was considered to co-localise strongly with Phospho Ser5 RNA Pol II, HIF-
1β, HAF, and HIF-1α; this was not the case with SRRF, as the degree of co-localisation 
reduced. Super-resolution microscopy, therefore limits false-positive co-localisation results, 
which would otherwise lead to incorrect interpretation about protein-protein interactions. 
However, as mentioned previously (section 5.1.4 Quantifying co-localisation of HIF-2α and 
potential binding partners), the low degree of co-localisation reported may be as a result of 
only a fraction of HIF-2α speckles partitioning into complexes with Phospho Ser5 RNA Pol II, 
HIF-1β, HAF, and HIF-1α.   
Most co-localisation between HIF-2α and potential binding partners was performed with 
super-resolution microscopy in fixed cells, with the use of antibodies conjugated to synthetic 
organic dyes, except HIF-2α and HIF-1β, which were also fused to fluorescent proteins and 
could be imaged with SRRF-Stream in live cells. Although, genetically encoded fluorescent 
fusion proteins enabled live cell imaging of HIF-2α, caution must be taken when interpreting 
protein dynamics, because these may not be expressed at physiologically relevant levels. 
Nevertheless, in both live and fixed cells, when imaged separately with SRRF-Stream, HIF-2α-
EGFP and HIF-1β-DsRed appeared as speckles in the nucleus, but when they were co-
transfected, they were both no longer in speckles and had dimerised to give a more 
homogenous nuclear fluorescent signal. This dimerisation of HIF-2α and HIF-1β, forming a 
more homogenous complex, was not observed with SRRF at endogenous levels, using 
indirect immunofluorescence. The size and amount of HIF-2α speckles in the nucleus was 
also compared amongst different microscopy techniques. As expected, HIF-2α speckles were 
smaller with super-resolution microscopy than wide-field microscopy.  
As well as improving co-localisation studies, the ability of SOFI to remove out-of-focus light 
can also help other quantification methods, such as evaluating the orientation of fibronectin 
fibres in healthy and scarred cells done here with the Directionality ImageJ plugin. Similar to 
results reported for collagen fibre organisation of scarred skin, there was little variation in 
fibronectin fibre alignment shown here (333). Through improving the SNR, SOFI enabled 
fibronectin fibres to be more distinguished, which in turn helped to confirm that there was 
no difference in the orientation of fibres between normal fibroblasts and keloids. Others 
have proposed that by spatially resolving the organisation of fibronectin fibres, it may reveal 
 250 
 
more structural information about integrin binding sites (211). Complementary to previous 
EM data of NET fibres containing globular domains (213), two colour SOFI enabled the 
enhancement of dot-like patterns of proteins along NET structures, to be studied in relation 
to one another. Furthermore, SOFI aided a more informative judgement about the co-
localisation of ECM secreted LaNt α31 and LM α3, by labelling with Qdot 525 and Qdot 625, 
respectively. Using SOFI, the SNR was improved in the wide-field images, through the 
removal of out-of-focus light, and it was confirmed that LaNt α31 and LM α3 do not co-
localise at the edge of cells. Being basement membrane proteins, SOFI-processing of LaNt 
α31 and LM α3 was also done on TIRF-acquired data, which enhanced the punctate 
distribution of LaNt α31, compared to the wide-field data; highlighting the versatility of SOFI 
to work on any platform. This punctate distribution of LaNt α31 confirms a previous 
observation by Hamill et al., (244).  
Besides TIRF microscopy, SOFI was also combined with LSFM, to improve the spatio-temporal 
resolution of β-tubulin. The optical sectioning capability of SOFI can be appreciated, through 
the post-processing of different z-positions in a light-sheet stack. Few z-positions were taken 
here, but many more are needed to fully reconstruct β-tubulin. A low magnification was used 
for light-sheet acquisition (40x plus maximum zoom), which was below Nyquist sampling 
expected for SOFI, so resolution was compromised. Further improvements in resolution 
could be achieved by combining SOFI with lattice light-sheet microscopy, with an even 
thinner sheet of light. Since a thin sheet of light is used to illuminate the sample, light-sheet 
has less photobleaching and phototoxic effects on the sample, which is of benefit to live cells. 
Here, LSFM-SOFI was applied to fixed cells, using Qdot-Abs, but Qdot-nanobodies could be 
injected deep into tissues of large specimens for live cell imaging (32). An advantage of using 
Qdots for light-sheet acquisition, was that they could be excited at multiple wavelengths, 
within the UV range, without the need for specific filters. Apart from optical sectioning, the 
majority of the data presented here, was in 2D. Although, 3D SOFI was attempted on Qdot 
labelled β-tubulin, with the use of PRILM. To achieve this, a linear phase ramp was inserted 
into the light path, splitting point emitters, labelling the structure of interest, into two lateral 
lobes, and 3D cross-cumulants were calculated to restore a 3D SOFI image (17). Although, 
PRILM was used here to achieve a 3D image, other approaches to engineer the PSF can be 
done, including the use of a PRISM (309). These simple add-on applications to wide-field 
microscopes, allow 3D super-resolution microscopy, at an affordable cost to the researcher.  
Most of the proteins discussed in this thesis, were post-processed in 2D with the open-source 
SOFI implementation Localizer, since it was found to give fewer processing artefacts when 
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compared with bSOFI, due to the absence of further deconvolution. When evaluated, a high 
number of frames and long exposure time gave the best-attainable SOFI image for both 
Localizer and bSOFI, which was at the expense of temporal resolution. Additionally, with as 
few as 500 frames, higher-order SOFI was not adequately achieved with Localizer, and 
although bSOFI did yield satisfactory higher-order SOFI images with additional features, 
these also contained extra structures that were not present in the wide-field images, so were 
considered artefacts, as a result of over-processing. An experimental parameter sweep was 
also done on epifluorescence acquisition and post-processing settings for obtaining optimal 
NanoJ-SRRF and SRRF-Stream images. Testing acquisition parameters experimentally can be 
time-consuming, so simulation tools can be used to predict the outcome of processing 
algorithms on different datasets, without the need for sample preparation (124). SRRF-
Stream helps to minimise the processing time spent on determining optimal acquisition 
parameters, by processing the images in real-time. 
As well as acquisition parameters, affecting the resolution and quality of a super-resolution 
image, artefacts can also arise from poor sample preparation, or from over-processing with 
deconvolution algorithms. Visual interpretation of image quality by eye is prone to human 
bias. Quality is also often incorrectly expressed in terms of resolution enhancement, but as 
seen with SRRF data here, an increase in resolution does not always yield high quality images, 
and this has also been observed by the developers of NanoJ-SQUIRREL (79). Every super-
resolution technique is susceptible to artefacts, so is it important that tools are developed 
alongside new microscope techniques, to specifically assess the resolution and quality of the 
resulting image. Most commonly, a line is drawn through a structure of interest and its 
FWHM calculated as a measure of resolution. However, this approach is biased, because 
resolution is not uniform and the user can select where the FWHM is taken (273). An 
alternative, quantitative, approach for resolution estimation of super-resolved fluorescence 
images, would be to calculate the FRC, originally used to estimate the resolution of EM 
images (80). FRC values given by the NanoJ-SQUIRREL ImageJ plugin differed from that of the 
ImageJ plugin FIRE, because within NanoJ-SQUIRREL, the FRC calculation is done in a 
blockwise fashion, so resolution values are estimated for each pixel in the super-resolution 
image, whereas for FIRE an average estimate of resolution is given for the whole FOV. 
Although, the estimated mean FRC was unusually low for NanoJ-SQUIRREL, compared to 
FIRE, it is the minimum and maximum FRC values, provided by NanoJ-SQUIRREL, that are 
more informative about the true image resolution. FRC values, for each pixel, are colour-
coded within NanoJ-SQUIRREL to highlight areas of low and high-resolution, in a FRC map.  
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Besides an estimation of resolution, NanoJ-SQUIRREL also provides an elegant way to 
quantitatively assess the quality of images, by providing metrics, such as RSP, where values 
>0.95 are considered to yield a high quality image. In addition, a colour-coded RSE map 
highlights pixel-wise errors, as a result of starry artefacts and disappearing structures. High 
errors in the RSE map means that there is less confidence in the structures in the super-
resolution image, because artefact-free super-resolution images would match very well to 
diffraction-limited image and would be of low error. However, NanoJ-SQUIRREL does not 
work in the z and although the location of the artefact can be identified, its cause cannot be 
detected (79). As well as calculating an RSP and FRC, the SNR of SOFI images was also 
measured, as an indicator of image quality, through the use of the statistical jackknife re-
sampling approach. Although, the jackknife re-sampling approach is not applicable to SIM or 
STED, it can be used on any post-processing technique that requires the acquisition of a large 
number of frames, such as STORM (120).  
 
6.2 Future directions for super-resolution microscopy 
 
There is no super-resolution microscopy technique that is applicable to all biological 
questions, so these may need to be combined to achieve an optimal super-resolution image 
and additional information about the structure of interest. Many combinations have been 
achieved to date, including SOFI with SIM (117) and SOFI with PALM (116). Combining two 
post-processing techniques, such as SOFI and PALM (116), can be done on the same dataset, 
providing enough frames are acquired to satisfy PALM-processing. In particular, SOFI works 
well on areas where there is high-density labelling that PALM fails to resolve (116). However, 
variations in intensity with data processed with SOFI, especially for higher-orders, can lead 
to artificial narrowing if the labelling density is high, but also missing structures in regions 
where the fluorescence intensity is low (360). A workaround to achieving high-density 
labelling, without such artefacts that degrade image quality, is to label the same structure of 
interest with multiple different coloured Qdots in separate channels, in a process known as 
joint-tagging, which has been successfully used to improve the image quality of SOFI (JT-
SOFI) (111) and SRRF (JT-SRRF) (361), without compromising high spatio-temporal resolution. 
In addition, Haar wavelet kernel (HAWK), an open-source ImageJ plugin, has recently been 
developed that can also reduce artefacts associated with high-density labelled structures 
(360). Post-processing techniques, such as SOFI and SRRF fail to achieve high quality images 
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of nuclear proteins, compared to methods such as SIM and STED. Therefore, it is imperative 
that the performance of super-resolution techniques are tested on a variety of different 
structures, other than filamentous structures, such as microtubules.  
There are currently few tools that assess the resolution and quality of super-resolution 
images, and those that do exist are not without flaws. Although, attempts have been made 
to assess outputs from super-resolution techniques, including NanoJ-SQUIRREL, to date, 
there is no universal standard for resolution and quality quantification of super-resolution 
data, across laboratories. Investment is needed into developing smart technologies that can 
automatically perform parameter sweeps for each individual sample, as well as those that 
can detect the type of super-resolution data, for the application of appropriate quantification 
software. Until then, simulation tools should be routinely used, to determine optimal 
acquisition settings that will yield the best possible super-resolution image, before any 
experimental data is captured. On the subject of high-throughput automation, open-source 
NanoJ-Fluidics has recently been developed by the laboratories of Ricardo Henriques 
(University College London, UK) and Christophe Leterrier (Marseille, France), to automate 
the sequential labelling of multiple proteins for fixed or live cell super-resolution microscopy 
(362). Since NanoJ-Fluidics is implemented in the freely-available ImageJ software and Micro-
Manager-controlled parts, required for its operation, can be built entirely from LEGO ®, this 
system is relatively inexpensive (approximately £250) and easy to use (362). NanoJ-Fluidics 
is expected to improve reproducibility of sample preparation for super-resolution 
microscopy experiments, which in turn may lead to more consistent, artefact-free, 
resolution-enhanced images.  
Before such advancements in automated super-resolution imaging can be implemented, 
more applicable probes for super-resolution microscopy need to first be developed; in 
particular those for use in SOFI. Although, robust green RSFPs exist for SOFI, different 
coloured RSFPs are highly sought after, to enable multiplex super-resolution imaging. Since 
the generation of stable cell lines, expressing RSFPs, is challenging, due to the loss of 
photoswitchable properties, RSFPs are at present restricted to transient transfection. 
Alternatively, fluorescent probes with tuneable blinking can be synthesised, for use in SOFI, 
including higher-blinking Qdots with a thinner ZnS shell (98). However, these fluorescent 
probes still need to be specifically targeted to proteins of interest, without increasing the 
overall size of the probe. Most commonly, indirect immunofluorescence with primary and 
secondary antibodies (15 nm per antibody) are used to label structures, but this approach is 
not size-appropriate for super-resolution microscopy, and there are limitations as to how 
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many species can be specifically labelled with antibodies.  Smaller alternatives to antibodies, 
including nanobodies (4 nm) (363, 364) and SNAP (soluble NSP attachment protein) tagged 
proteins (365) should instead be used to achieve super-resolution images. As well as smaller 
probes, those that can be used in live cells, such as fluorogenic probes (366), are also a 
necessity for real-time super-resolution imaging.  Despite the abundance of fluorescent 
probes having been developed for super-resolution imaging, these are often published, but 
are not made commercially available, so unless an author is contacted directly, they cannot 
be easily accessed by other researchers. Apart from Addgene, who distribute RSFPs, there is 
currently no repository for sharing fluorescent probes, such as nanobody conjugated dyes or 
Qdots, synthesised in-house, across different laboratories. Therefore, it could be convenient 
to keep a central online library of probes for use in super-resolution microscopy.  
 
6.3 Concluding remarks 
 
Localisation of proteins is often linked to their biological function, so resolving proteins may 
help to better understand their roles in disease. To obtain additional information about 
protein dynamics, live cell 3D and 4D (3D images captured over time, to record movement 
in 3D) super-resolution imaging with PRILM should be used as standard. Additionally, large 
biological specimens can be imaged at a high spatial resolution, with a large FOV, using a 
sCMOS camera (367). The goal of super-resolution microscopy is to achieve the best possible 
spatial resolution, without compromising temporal resolution. Through using fewer frames 
and the shortest possible exposure time, optimal temporal resolution can be achieved. 
Although, the focus of this work was on using SOFI to resolve different types of proteins 
inside and outside of cells, other super-resolution techniques, such as SRRF, may be best 
suited to investigating the dynamics of these proteins in live cells, because unlike SOFI, SRRF 
does not require fluctuating probes. It is an exciting time for the field of super-resolution 
microscopy, with the continual development of new techniques, to solve complex biological 
problems. However, the introduction of advanced super-resolution imaging techniques 
brings with it new challenges in terms of the development of smarter fluorescent probes or 
proteins, and quantitative image analysis tools to assess the quality as well as resolution, 
which will require interdisciplinary efforts. Before super-resolution microscopy, it was almost 
impossible to imagine that the diffraction-limit of light (250 nm) could be overcome, but now 
as low as 30 nm resolution is achievable with techniques, such as dSTORM.  
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Appendix 
A. MATLAB scripts for running SOFI code 
A.1 MATLAB script to run Localizer 
 
% Wrapper Script to run localizer software on a set of SOFI 
% data varying the number of frames to analyse 
% Writes data to a subfolder  
% Dave Mason, Liverpool CCI, [dnmason@liv.ac.uk] 
% Get the working folder 
[inFile, inPath]=uigetfile('*.tif','Select a file for processing'); 
 filePath=[inPath inFile]; 
 order = 2; 
 doCrossCorrelation = 1; 
 pixCorrec=0; 
 lagTimes = 0; 
 framesToSkip = -1; 
 [sofiCell, avgImage] = LocalizerMatlab('newsofi', order, pixCorrec, filePath); 
 newMax=65535; 
 newMin=0; 
 sofiImage=sofiCell{1,1}; 
 sofiNorm = (sofiImage - min(sofiImage(:)))*(newMax - newMin)/(max(sofiImage(:)) - 
min(sofiImage(:))) + newMin; 
 avgNorm = (avgImage - min(avgImage(:)))*(newMax - newMin)/(max(avgImage(:)) - 
min(avgImage(:))) + newMin; 
 imwrite(uint16(sofiNorm),[inPath strrep(inFile,'.tif','_sofi.tif')]); 
 imwrite(uint16(avgNorm),[inPath strrep(inFile,'.tif','_avg.tif')]); 
 
A.2 MATLAB script to run bSOFI 
 
% Copyright © 2012 Marcel Leutenegger et al, École Polytechnique Fédérale de Lausanne, 
% Laboratoire d'Optique Biomédicale, BM 5.142, Station 17, 1015 Lausanne, Switzerland. 
% This program is free software: you can redistribute it and/or modify 
% it under the terms of the GNU General Public License as published by 
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% the Free Software Foundation, either version 3 of the License, or 
% (at your option) any later version. 
% This program is distributed in the hope that it will be useful, 
% but WITHOUT ANY WARRANTY; without even the implied warranty of 
% MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the 
% GNU General Public License for more details. 
% You should have received a copy of the GNU General Public License 
% along with this program.  If not, see <http://www.gnu.org/licenses/>. 
 % Image TIFF file or image sequence. 
stack='stack.tif'; 
 % Analyze the image sequence. 
[sofi,grid]=sofiCumulants(stack); 
[sofi,fwhm]=sofiFlatten(7,sofi,grid); 
% need flat cumulants to get parameters 
 [ratio,density,brightness]=sofiParameters(sofi);    
% "blind" linearization (no parameters) 
sofi=sofiLinearize(sofi,fwhm);                                    
% use 3rd order in minima of 4th order 
 img=sofiBalance(sofi,ratio);                        
 % Display the results. 
for n=1:4 
imagesp(sofi{n},sprintf('%d. order',n)); 
end 
imagesp(img,'Balanced'); 
imwrite(uint16(sofi{1}),strrep(stack,'.tif','_sofi_n1.tif')); 
imwrite(uint16(sofi{2}),strrep(stack,'.tif','_sofi_n2.tif')); 
imwrite(uint16(sofi{3}),strrep(stack,'.tif','_sofi_n3.tif')); 
imwrite(uint16(sofi{4}),strrep(stack,'.tif','_sofi_n4.tif')); 
imwrite(uint16(img),strrep(stack,'.tif','_sofi_B.tif')); 
